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ABSTRACT 
 
Dry matter intake (DMI) is one of the most important factors affecting lactational 
performance and health of dairy cows. Control of DMI in dairy cattle is complicated 
and multifactorial, but we have chosen to prioritize the two main components that 
primarily drive farm profitability: forage quality and cow comfort. Brown midrib-3 
(BM3) genetics in corn silage typically result in greater fiber digestibility and less 
indigestible fiber, which result in greater DMI and milk production compared to 
conventional, non-BM (CON) corn silage. Trace minerals may negatively affect fiber 
digestion by solubilizing in the rumen. Importantly, hydroxy trace minerals (HTM) are 
less soluble in the rumen compared to sulfate sources (STM). Still, to-date, no models 
have inputs that reflect social environment factors such as stocking density and feeding 
frequency. The objectives of this dissertation were to: 1) evaluate the effect of source of 
corn silage and trace mineral on lactational performance, total tract digestibility (TTD) 
of nutrients, and rumen fermentation, and 2) create a model that accurately quantifies 
the effect of management decisions on DMI. 
 The study addressing the first objective (Chapters 2 and 3) investigated the 
effects of source of corn silage (CON or BM3) and trace minerals (STM or HTM) on 
lactational performance, TTD of nutrients, and particle passage rates. Sixteen Holstein 
cows averaging 82 (SE = 3) days in milk were used in a replicated 4 x 4 Latin square 
design with a 2 x 2 factorial arrangement of treatments. The dietary treatments were: 1) 
CON-STM, 2) CON-HTM, 3) BM3-STM, and 4) BM3-HTM. There was no significant 
interaction between corn silage and trace mineral for DMI and milk yield. Cows fed the 
BM3 diets had greater DMI and milk yield compared to the cows fed the CON diets. 
The cows fed the HTM diets had greater DMI than cows fed STM diets. The cows fed 
the BM3 diets had greater TTD of dry matter (DM) and organic matter (OM) than cows 
fed the CON diets. Cows fed the HTM diets had a tendency for greater TTD of neutral 
detergent fiber (NDF) than the cows fed STM diets. Cows fed the BM3 diets had a 
faster passage rate of small- and medium-sized corn silage NDF particles than cows fed 
the CON diets. 
 The study addressing the second objective (Chapter 4) created a model that 
accurately quantifies the effects of stocking density and feeding frequency on behavior 
and performance of lactating dairy cattle. The foundation of the management model 
was a time budget. The eating time was predicted using common on-farm measures 
(NDF content, physically effective NDF, body weight, and milk yield) and had a good 
predictive ability with a mean absolute error of 39 min/d regardless of parity. Stocking 
density affected lying time, which accounted for 76% of the variance in lying time. The 
adjusted lying time was then used to predict a milk yield, which accounted for 36% of 
the variance in milk yield. The peuNDF240 accounted for 60% of the variance in DMI.  
Brown midrib-3 corn silage enhanced DMI, milk yield, TTD of OM, and greater 
passage rate of corn silage particles. Hydroxy trace minerals improved DMI, tended to 
improve TTD of NDF. The management model appeared to be a useful tool, although 
more data and research are needed to validate the model. In the future, hopefully, both 
forage quality and management decisions will be included in the same nutritional 
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CHAPTER 1: LITERATURE REVIEW   
1.1. INTRODUCTION 
Dry matter intake (DMI) is the most essential component of dairy cattle feeding 
systems because it determines the amount of nutrients available each day for 
maintenance, health, and productive purposes. The modern dairy cow has the genetic 
potential for incredibly high milk component output, and consequently, large nutrient 
requirements. To meet these nutrient demands, the cow must consume sufficient 
quantities of feed. Therefore, daily feed intake is one of the most important factors 
affecting lactational performance and health (Waldo and Jorgensen, 1981; Roseler et 
al., 1997). The overarching theme of this dissertation is improving our ability to predict 
DMI of lactating cattle with a specific focus on the role of: 1) forage fiber digestibility 
and physical constraints on intake, and 2) the feeding environment of the cow. 
Undoubtedly, control of DMI in dairy cattle is complicated and multifactorial, but we 
have chosen to prioritize the two main components that also primarily drive farm 
profitability: forage quality (i.e., fiber digestibility and related characteristics) and cow 
comfort. 
The factors that control voluntary feed intake in ruminants have been studied for 
decades, and they can be divided into two main categories: metabolic and physical 
control (Balch and Campling, 1962; Mertens, 1973; Osbourn et al., 1974). Figure 1 
illustrates the relationship of DMI control with modulation by psychogenic factors 
(adapted and modified from Grant and Albright, 1995). The interplay within a 24-h 
period between metabolic and physical control determines feeding behavior and DMI. 
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However, the feeding environment within which the cow interacts with the ration will 
have a powerful modulatory influence on actual DMI (Grant and Albright, 1995). 
Essentially, the feeding environment comprises both physical and social components. 












Figure 1.1. Conceptual framework of dissertation research. Based on the model 
of control and psychogenic modulation of feeding behavior and dry matter intake 







Although metabolic and physical control of DMI are both important, this 
dissertation will focus primarily on physical fill and the role that forage fiber 
characteristics play in determining the overall filling effect of a diet. Forages are a major 
feedstuff for dairy cows and primarily provide fiber, which is slowly fermenting in the 
rumen. Because it has a long residence time in the rumen, fiber is the primary dietary 
factor contributing to fill.  
The characteristics of forage fiber – particularly digestibility – influence how 
quickly it can ferment and pass from the rumen. Corn silage is the most commonly fed 
forage source in the US, with its acreage on dairy farms steadily increasing since the 
1980s (Martin et al., 2017). So, the forage model we have chosen for this dissertation is 
the brown midrib-3 mutation of corn silage. Brown midrib genetics typically result in 
lower lignin content, less indigestible fiber, and greater potentially digestible fiber (Oba 
and Allen, 1999a; Hassanat et al., 2017). Considerable research has evaluated the effect 
of brown midrib versus conventional corn genetics on rumen fiber turnover, chewing 
responses, DMI, and milk response (Oba and Allen, 1999a, 2000a,b,c; Hassanat et al., 
2017).  
In contrast to corn silage, virtually no research has focused on the role of trace 
mineral source on rumen fiber fermentability, turnover, and DMI in lactating dairy 
cows. When trace minerals solubilize in the rumen, they may negatively affect fiber 
digestion by either directly acting on the cellulolytic bacteria and(or) binding to fiber 
substrate (Torre et al., 1991; Genther and Hansen, 2015; Faulkner et al., 2017). 
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Recently, source of trace minerals (sulfate or hydroxy) has become a hot topic among 
US dairy nutritionists, but to-date only one study with lactating dairy cows has been 
published (Faulkner and Weiss, 2017). Results from that one study suggested that the 
source of fiber and its digestibility might influence how cows respond to sulfate or 
hydroxy sources of trace minerals (Faulkner and Weiss, 2017). Therefore, a main goal 
of this dissertation was to study the potential interaction between the digestibility of 
corn silage fiber and the specific source of trace minerals on rumen turnover, fill, DMI, 
and lactational response. In addition to the basic information on rumen dynamics and 
DMI, practically it makes the most sense to study this question, as a first step, within 
the context of the most commonly fed forage source. 
When modeling DMI, the modulatory effects of environmental factors have 
been much less studied and understood than the controlling factors of fiber digestibility, 
fill, and rumen turnover. The published literature has focused on numerous 
management factors that may influence feeding behavior such as grouping strategy, 
stocking density, time outside the pen, stall comfort, ventilation, temperature and 
humidity, and so forth (Grant and Albright, 2001; Grant, 2004; Fregonesi et al., 2007; 
Collings et al., 2011). For this dissertation, we chose to build a model to predict DMI, 
specifically with environmental factors that can be routinely measured on-farm. Any 
model of DMI that is sensitive to social and physical environmental factors must be 




This review will focus on physical fill and DMI, fiber digestion, and passage 
dynamics with a particular focus on brown midrib corn silage and trace minerals and 
factors in the management environment that affect DMI and can be monitored on the 
farm. The endpoint of this discussion will be a set of dissertation objectives that seek to 
define the effect on DMI of the forage fiber and trace mineral interaction and to 
develop a useful model that adjusts DMI based on the cow’s management environment. 
1.2. PHYSICAL FILL AND DRY MATTER INTAKE 
Physical control of voluntary feed intake, commonly referred to as physical fill, 
refers to constraints on intake related to distention of the reticulo-rumen (Allen, 2000; 
Forbes, 2007). The size of the animal is the primary determinant of reticulo-rumen size, 
although previous feeding history, extra fat deposits, and fetal displacement in the 
abdominal cavity are also important (Mather, 1959; Van Soest, 1994). When the 
reticulo-rumen is distended, there are tension receptors and mechanoreceptors in the 
reticulum and cranial rumen that send satiety signals to the gastric centers of the 
medulla oblongata (Allen, 2000).  
The filling effect of the feed comprises not only the weight, but also the volume, 
in the reticulo-rumen. Johnson and Combs (1991) inserted inert rumen bulk in the form 
of bladders in the rumens of lactating dairy cows and reported that cows with the 
bladders in the rumen had decreased dry matter intake (DMI). They attributed the 
reduction in DMI to the rumen volume occupied by the bladder which displaced feed. 
The feed component of a dairy cow ration that has the greatest filling effect is forage 
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fiber. So, the volume that the forage fiber can occupy in the rumen will be a primary 
limiter of DMI due to physical fill.  
Digestion and passage regulate the filling effect of a forage or feed by removing 
the feed DM at faster or slower rates. This is particularly important for cows during 
early lactation and those fed higher forage diets. To understand how these processes 
work together to control DMI, it is important to understand how forage fiber is 
quantified and its attributes that affect DMI.  
1.2.1. Detergent Analysis of Cell Wall: Neutral Detergent Fiber 
Forages provide energy from cellular contents and cell wall constituents, which 
are composed of cellulose, hemicellulose, and lignin. To quantify the cell wall 
constituents, the detergent system was developed (Van Soest, 1967; Goering and Van 
Soest, 1970). The detergent system uses a neutral detergent solution to fractionate feed 
DM into neutral detergent solubles and a residue, which is called neutral detergent fiber 
(NDF; Van Soest, 1967; Goering and Van Soest, 1970). The neutral detergent solubles 
are the plant cellular contents such as sugars, soluble carbohydrates, starch, pectin, non-
protein nitrogen, protein, lipids, and other solubles which are typically assumed to be 
98% digestible (Van Soest, 1967). The NDF is composed of cellulose, hemicellulose, 
and lignin; the cellulose and hemicellulose are partially digestible while lignin is 
considered to be indigestible (Van Soest, 1967). The NDF residue can be further 
fractionated using an acid detergent solution to solubilize hemicellulose leaving a 
residue of cellulose and lignin termed acid detergent fiber (ADF; Van Soest, 1967). The 
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lignin then can be isolated most commonly using 72% sulfuric acid to remove the 
cellulose resulting in acid detergent lignin (ADL; Van Soest, 2015).  
The development of the detergent system of feed analysis was a pivotal 
advancement for ruminant nutrition as the detergent system allowed for precise and 
rapid quantification of fiber and has been extensively studied and used in ration 
formulation since the 1970s and 1980s (Mertens, 2009).  
1.2.2. Neutral Detergent Fiber and Dry Matter Intake 
The amount of NDF in forages has been negatively correlated to feed intake and 
energy density (Van Soest, 1965; Mertens, 1994; Allen, 2000; Mertens, 2009). This 
negative relationship could be due to the physical as well as chemical nature of the 
feeds as Mertens (1980) reported that density of a feedstuff was, to some extent, related 
to NDF content. Waldo (1986) concluded that, for ruminants, NDF is the key chemical 
predictor of intake. Subsequently, Allen (2000) showed that intake increased as NDF 
content decreased for lactating dairy cows, as long as the NDF content of diets 
exceeded 25% of dry matter (DM).  
 Mertens (2009) devised a simple system for intake prediction using dietary 
NDF and cow milk production. The NDF-intake system accounted for cow 
requirements and ration specifications and assumed that: 1) fiber is related to the rumen 
fill effect, 2) intake is related to production level, and 3) maximal forage inclusion in 
the diet occurs at the point just before NDF content begins to limit DMI. The NDF 
concentration as defined in this system will dictate the forage inclusion in the diet; as 
milk production target increases, the forage inclusion will necessarily decrease 
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(Mertens, 2009). Although there is a lower limit of forage inclusion to maintain an 
adequate amount of fiber for rumen health and function, Mertens (2009) suggested that 
the lower limit of NDF concentration in the diet should be approximately 25% of DM 
for a range of milk production levels.  
The NDF-intake system provided several metrics that are useful for formulating 
diets for higher forage inclusions without sacrificing milk production. One of the most 
important metrics is the optimum NDF intake as a percentage of body weight (BW). 
This is the amount of NDF intake that maximizes 4% fat-corrected milk (FCM) yield. 
Mertens (2009) found that approximately 1.25% of BW was the optimal NDF intake 
over a range of diets fed to lactating dairy cows.  
Table 1.1. presents the effect of milk production level on rations that maximize 
forage inclusion (adapted from Mertens, 2009). The optimum NDF intake was set at 
1.20% of BW, and the 4% FCM yield ranged from 35.0 to 50.0 kg/d per cow. As milk 
production increased the forage inclusion and NDF concentration decreased to meet the 
cow’s increasing energy requirements.  
Table 1.1. Effect of milk production level on rations that maximize forage inclusion 
(adapted from Mertens, 2009).  
 4% Fat-corrected milk yield (kg/d) 
Characteristic1 35.0 40.0 45.0 50.0 
Optimum NDF2 intake, % of 
BW3/d 1.20 1.20 1.20 1.20 
Forage, % of DM 50.3 43.7 38.0 33.0 
Physically effective NDF, % of 
DM4 28.8 26.0 23.6 21.6 
NDF, % of DM 37.4 35.0 33.0 31.2 
DMI5, % of BW/d 3.62 3.97 4.33 4.70 
1Formulated for 650-kg cow gaining 0.3 kg/d using a barley-based concentrate 




2Neutral detergent fiber.  
3Body weight. 
4Dry matter. 
5Dry matter intake.  
Since its creation in the 1960s, the detergent system of feed fractionation has 
transformed rumination nutrition and has allowed models like the NDF-intake system 
to be developed to help nutritionists formulate diets to optimize both forage inclusion 
and milk production (Van Soest, 1967; Mertens, 2009). However, the forage or dietary 
NDF concentration alone does not account for all of the variability observed in DMI 
and milk yield. Several important factors affect the rate of NDF digestion and passage 
from the rumen such as fiber (in)digestibility and particle size. Together with NDF 
content, fiber digestibility and particle size will influence rumen digesta turnover and 
subsequently DMI.  
1.2.3. Rumen Fiber Kinetics: Digestion and Passage 
Quantifying the complex rumen fermentation process has been a research focus 
for many decades (Smith et al., 1971; Waldo et al., 1972; Smith et al., 1972; Chandler 
et al., 1980; Mertens, 2016; Raffrenato et al., 2018). Mathematics has been used to 
describe the two main processes by which a feed particle can leave the rumen: digestion 
and passage. Rates of digestion and passage compete to determine to what extent a 
particle will be digested before it passes to the lower tract. To-date, the majority of the 
research focus has been on digestion rather than passage as it has been easier to 
measure both in vitro and in vivo.  
1.2.4. Digestion Models  
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Waldo et al. (1972) proposed a model of cellulose digestion and passage in the 
rumen that helped to advance our understanding of rumen kinetics. The model was 
unique in how cellulose (or more generally NDF) was fractionated into two pools: 
potentially digestible and indigestible. The indigestible NDF (iNDF) was determined 
by long-term in vitro fermentation and is the measure of the fiber that cannot be 
digested in the rumen (Smith et al., 1971; Waldo et al., 1972; Smith et al., 1972). The 
residue remaining after long-term in vitro fermentation is called undigested NDF 
(uNDF) because to truly measure iNDF the in vitro digestion would need to last 
infinitely (Cotanch et al., 2014). So, to calculate the potentially digestible NDF 
(pdNDF), the laboratory measure of iNDF is subtracted from NDF.  
 
Figure 1.2. The 2- and 3-pool model of fiber digestion from the rumen (adapted from 
Waldo et al., 1972 and Mertens, 2016; pdNDF = potentially digestible NDF, iNDF = 
indigestible NDF, kd = digestion rate, fNDF = fast-digesting NDF, sNDF = slow-
digesting NDF, and k = fractional rate for each pool).  
 
The pdNDF pool can disappear from the rumen by digestion and passage, but 
iNDF can only be passed because it is indigestible (Figure 1.2. adapted from Waldo et 
al., 1972 and Mertens, 2016). The model rests on three main assumptions which are: 1) 
iNDF 
sNDF 
kd = 0 
fNDF 
pdNDF 









that NDF can be split into potentially digestible and indigestible fractions, 2) passage 
rate is equivalent to a first-order reaction, and 3) the digestion rate is equivalent to a 
first-order reaction (Waldo et al., 1972). A first-order reaction occurs when the reaction 
rate is directly proportional to the concentration of one of the reactants. Rate of NDF 
digestion is calculated by regressing the natural logarithmic transformation of the 
potentially digestible NDF fraction on hours of fermentation (Smith et al., 1972).  
The measure of the iNDF is critical in this model as the digestion of pdNDF is 
treated as a first-order reaction in which the digestion rate is directly proportional to the 
pdNDF concentration. The end-point measure of iNDF has varied over time in the 
published literature (Smith et al., 1971; Chandler et al., 1980; Raffrenato et al., 2018). 
Smith et al. (1971) reported that in vitro fermentation for 72 h was an appropriate 
measure of iNDF as the digestion curve came to an asymptote at that point. Later, 
Chandler et al. (1980) used feed in polyester bags in a methane digester for 120 d to 
develop the prediction of iNDF as ADL concentration times 2.4. Most recently, 
Raffrenato et al. (2018) reported that an in vitro fermentation for 240 h, termed 
undigested NDF at 240 h (uNDF240), is an accurate measure of iNDF for commonly 
fed forages.  
Raffrenato and Van Amburgh (2010) and Raffrenato et al. (2019) further 
explored the pdNDF fraction using the new uNDF240 measure to calculate it. They 
fractionated the pdNDF into 2 digestible pools of fast- and slow-digesting NDF 
creating the 3-pool model (Figure 1.2 adapted from Waldo et al., 1972 and Mertens, 
2016). Mertens and Ely (1979) had previously suggested that pdNDF could be 
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fractionated into fast- and slow-digesting pools although they never created a 3-pool 
NDF system. Using a nonlinear estimation allowed Raffrenato et al. (2019) to calculate 
the pool sizes and rates with 3 time points of 30, 120, and 240 h. This system should be 
able to better differentiate between forages of varying quality and type. Though no 
current nutritional model uses the 3-pool model for fiber digestion, the Cornell Net 
Carbohydrate and Protein System (CNCPS) will implement it in the next update (Higgs 
and Van Amburgh, 2016). The 2- and 3-pool models of fiber digestion help us 
understand the complexity of fiber digestion in the rumen, but these models do not 
explain what biological factors affect fiber digestion.  
1.2.5. Factors Affecting Passage 
The rate of passage has an obvious and important effect on DMI. Though it is 
important in intake regulation, there is a limited amount of research due to the difficulty 
in measurement. A fiber particle will go through several changes in the rumen that will 
increase the likelihood of passage through the reticulo-omasal orifice (ROO). These 
changes occur due to digestion and rumination and are inherently linked to the rate of 
passage (Allen and Mertens, 1988; Jung and Allen, 1995; Kammes and Allen, 2012). 
The variables that affect the rate of particle passage are the particle size, density and 
functional specific gravity (FSG), and entanglement in the rumen digesta mat (Allen 
and Mertens, 1988; Jung and Allen, 1995; Kammes and Allen, 2012).  
 For a particle to leave the rumen, it must reach a critical particle size to enter 
the ROO (Jung and Allen, 1995). Lechner-Doll et al. (1991) reported that, as particle 
size decreased, the passage rate increases exponentially. However, there are two 
13 
 
particle sizes to consider: the first is the feed before it is masticated and the second is 
the particle size in the rumen. Schadt et al. (2012) explored how mastication of 
different feeds influenced particle size entering the rumen. They used six different 
particle lengths of ryegrass hay, one grass silage, one corn silage, and one total mixed 
ration sample with starting particle sizes ranging from 43.0 to 9.7 mm (Schadt et al., 
2012). Interestingly, the particle size of the masticated samples for these feeds was 
relatively similar and averaged 10.6 mm, suggesting that the particle size before 
mastication has a greater influence on chewing during eating rather than particle size in 
the rumen (Schadt et al., 2012).  
Since the particle size entering the rumen seems to be relatively similar among 
different feeds, then the particle size distribution in the rumen is more influential on the 
passage rate than TMR particle size. It is important to note that the work by Schadt et 
al. (2012) did not include pasture and it is likely that lush pasture forage may respond 
differently in particle size reduction during eating. Nonetheless, once fiber particles 
leave the rumen, there is a relatively small amount of particle size reduction in the 
lower gastrointestinal tract, and so the size of the particles in the feces should be an 
indicator of critical particle size necessary to leave the rumen (Jung and Allen, 1995). 
In fact, the majority of the feed particles in the reticulorumen are smaller than the 
largest fecal particle size (Welch and Smith, 1978; Ulyatt et al., 1986). Consequently, 
this would suggest that particle size is not the limiting factor for passage out of the 
rumen.   
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The rumen can be grossly separated into three layers: the gas layer at the top, 
fibrous digesta mat in the middle, and the liquid layer on the bottom. During the 
fermentation process, a fiber particle will move between the fiber mat and the liquid 
layer depending on its functional specific gravity (FSG) which is the specific gravity of 
the particle with associated gas-filled spaces and bound water (Hooper and Welch, 
1985). To illustrate this point further, Hooper and Welch (1985) placed four hays 
ground at different sizes in nylon bags into the rumen and measured FSG after 0, 1, 2, 
and 4 h. They found significant changes in FSG after just 1 h in the rumen suggesting 
that it changes rapidly (Hooper and Welch, 1985).   
Researchers have used plastic particles to identify the specific gravity (SG) that 
has the fastest passage rate and found that a SG of 1.2 was optimal (King and Moore, 
1957; DesBordes and Welch, 1984; Dufreneix et al., 2019). As FSG drops below that 
of rumen fluid, it will decrease the probability of passage due to floating or buoyancy 
(Allen and Mertens, 1988). When a particle enters the rumen, it has a lower FSG and 
will float until it becomes hydrated, thereby increasing the FSG and sinking to the 
liquid layer (Hooper and Welch, 1985; Jung and Allen, 1995). Once fermentation 
begins the rumen microorganisms will produce gas in the cells which will cause a 
particle to float until the gas dissolves or is released by rumination, at which time it 
sinks (Jung and Allen, 1995). This process will repeat until the fermentation is 
complete or the particle is passed. Seo et al. (2009) built a mechanistic model to 
understand the kinetics of fiber particles and, based on sensitivity analysis, found that 
FSG is more significant than particle size in determining the probability of a particle 
15 
 
being passed from the rumen. It appears that particle size reduction is a prerequisite for 
passage from the rumen, but it does not determine passage rate to the same extent as 
particle fermentability and buoyancy. 
The entanglement theory refers to particles being retained in the fibrous digesta 
mat, which will decrease their probability of being passed from the rumen (Sutherland, 
1988). There has been relatively little research on entanglement as it is difficult to 
measure. Kammes and Allen (2012) reported that grasses are more likely to have small 
particles become entangled in the fiber mat compared to legumes. This could be due to 
a greater pdNDF content of grasses compared to legumes which will increase the time 
fermenting with a lower FSG in the fiber mat (Jung and Allen, 1995). Kammes and 
Allen (2012) also suggested that the shape of the particles could be a factor as the 
cuboidal shape of legumes has a faster passage rate than the long and straight shape of 
grasses. More research is needed to fully understand the entanglement theory.  
In the following sections, we will focus on how source of corn silage and trace 
minerals affect fiber digestion in the rumen and ultimately affect feed intake. Corn 
silage is a popular forage and we will focus on brown midrib corn silage. In contrast to 
the copious literature on corn silage digestibility, there is limited research on the effects 
of trace mineral on fiber digestion and passage.  
1.3. FIBER DIGESTION IN THE RUMEN 
1.3.1. Fiber Digestibility: Relationship with Dairy Cow Performance 
A commonly cited paper that described the relationship between NDF 
digestibility (NDFD) and cow DMI and milk response was published by Oba and Allen 
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(1999b). The authors compiled a database of 13 studies from the literature that assessed 
the effect of fiber digestibility on dairy cow performance. Oba and Allen (1999b) 
reported that a 1-unit increase in NDFD was positively associated with 0.17 kg of DMI 
and 0.25 kg of 4% FCM yield. The slight increase in NDFD allowed dairy cows to 
consume more dry matter (DM) and thus increase energy intake which translated into 
greater milk production.  
The indigestible NDF fraction, although it is simply calculated from NDF 
digestibility, is an important metric of forage quality in its own right. Undigested NDF 
at 240 h not only allows for accurate estimation of pdNDF but also allows for 
calculating more accurate fractional NDF digestion rates (Cotanch et al., 2014). It has 
been related to physical fill, physical effectiveness, and rumen kinetics (Cotanch et al., 
2014).  
Luckily as the dairy and feed industries prepare for the 3-pool model of fiber 
digestion, the feed laboratories now offer undigested NDF at 30, 120, and 240 h by 
chemistry or prediction with near-infrared spectroscopy (NIR). This has allowed for the 
widespread use of uNDF240 for formulating diets and, more practically, benchmarking 
animal response. As a relatively new measurement, further research is needed to fully 
understand the effect of uNDF240 on rumen kinetics as it pertains to DMI and 
lactational performance and its application to formulating diets.  
Weakley (2011) suggested that NDFD or uNDF240 would have the greatest 
influence on DMI in high producing cows when they had reached maximum rumen fill. 
For high producing dairy cows, the most desirable forage has a high NDFD and a small 
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uNDF240 concentration to allow for maximal forage intake. The main challenge dairy 
producers face when growing and harvesting high-quality forage is that there are only a 
few management tools they can use. The two main management factors are harvesting 
the forage at optimal maturity and selecting forage hybrids with improved forage 
quality (Mertens, 2002). Given the ubiquitous use of corn silage feeding in the U.S., we 
have chosen brown midrib genetics as the model forage for this dissertation research.  
1.3.2. Brown Midrib Corn Silage 
Corn silage provides digestible fiber and starch which has increased its 
inclusion in dairy cow diets (Hassanat et al., 2017). Corn silage hybrids vary in their 
quantity and digestibility of fiber. Brown midrib corn (bmr) silage has a gene mutation, 
either bm1 or bm3, that decreases the lignin content and increases NDFD (Oba and 
Allen, 1999a; Hassanat et al., 2017). Most of the research evaluating the quality of bmr 
corn silage has focused on lignin content and NDFD.  
Miller et al. (2018) evaluated the yield and digestibility of bm3, bm1, and non-
bmr corn silage hybrids over three growing seasons in Northern New York. This is one 
of the few studies that directly compared the bm1 and bm3 mutations over multiple 
growing seasons. Hybrids 1 and 2 were bm3 corn silage, hybrid 3 was a bm1 corn 
silage, and hybrids 4 and 5 were non-bmr hybrids (Table 1.2). Brown midrib-3 hybrids 
had greater NDFD at 30 h than bm1 and non-bmr hybrids, and the bm1 hybrid had a 
greater NDFD at 30 h than the non-bmr hybrids (Miller et al., 2018). The uNDF240 
concentration was lower for the bm3 hybrids compared to bm1 and non-bmr hybrids, 
and the bm1 hybrid had a lower uNDF240 concentration compared to the non-bmr 
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hybrid (Miller et al., 2018). The bm3 hybrids had a greater pdNDF concentration when 
expressed as % of NDF compared to bm1 and non-bmr hybrids (Miller et al., 2018). 
The bm3 corn silage hybrid had an increased NDFD with a lower uNDF240 compared 
to bm1 and non-bmr hybrids. So overall, bm3 hybrids had greater fiber digestibility 
than bm1, and both were generally better than conventional corn hybrids – with bm3 
generally being best. 
The vast majority of the research in the literature has evaluated bm3 corn silage 
hybrids compared to non-bmr hybrids rather than bm1. Therefore, bm3 hybrids will be 
the focus for this review. 
Table 1.2. Fresh chop corn forages quality measures for brown midrib hybrids grown 
at Miner Institute, Chazy, NY, 2015-2017 (Adapted from Miller et al., 2018). 
 Hybrids1 
 
 1 2 3 4 5 





NDF2, % of DM 38.1ac 36.9bc 36.6b 38.0ac 39.3a 
NDFD 30 h3, % of NDF 67.1a 66.2a 60.1b 56.1c 57.2c 
uNDF 240 h4, % of DM 6.7c 6.2c 9.2b 10.0a 9.8ab 
pdNDF5, % of NDF 82.5a 83.1a 74.7b 73.5b 75.0b 
abc Least squares means within a row without a common superscript differ (P ≤ 0.05). 
1bm3 = brown midrib-3; bm1 = brown midrib-1; Non-bmr = Non-brown midrib. 
2NDF = neutral detergent fiber. 
3NDFD 30-h = neutral detergent fiber digestibility at 30 h.  
4uNDF 240 h = undigested neutral detergent fiber at 240 h.  
5pdNDF = potentially digestible neutral detergent fiber.  
 
1.3.3. Effect of bm3 Corn Silage on Intake and Milk Yield 
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The bm3 corn silage having a greater NDFD and lower iNDF compared to 
conventional corn silage should allow for greater DMI and milk yield. In fact, cows fed 
bm3 corn silage diets had greater DMI compared to cows fed conventional corn silage 
diets (Oba and Allen, 1999a and 2000a; Hassanat et al., 2017). The increased DMI 
allowed the cows fed the bm3 corn silage diets to have greater NDF intake and lower 
iNDF intake compared to the cows fed the conventional corn silage diets (Oba and 
Allen, 1999a and 2000b; Hassanat et al., 2017). This intake response could be due to 
faster digestion and breakdown of fiber and consequently a less rumen-filling effect.  
The greater energy intakes of the cows fed the bm3 corn silage diets equated to 
greater milk yields compared to the cows fed the conventional corn silage diets (Oba 
and Allen, 1999a and 2000a; Hassanat et al., 2017). However, Oba and Allen (2000a) 
reported that the greater milk yield could not be attributed solely to energy intake, but 
could also be due to decreased methane production. Though Oba and Allen (2000a) did 
not measure methane production in their study, Hassanat et al. (2017) did measure 
methane production and found that cows fed a bm3 corn silage diet produced 6.5% less 
methane, when expressed as grams per kilogram of DMI, compared to cows fed a 
conventional corn silage diet. The authors speculated that this reduction in methane 
production was due to more available energy from the bm3 corn silage and faster 
particle passage rates from the rumen.  
1.3.4. Effect of bm3 Corn Silage on Total Tract Digestibility and Rumen Kinetics 
Since the bm3 corn silage has greater pdNDF than conventional corn silage, it is 
reasonable to think that cows fed diets with bm3 corn silage would have greater total 
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tract digestibility of DM and NDF. However, Ferraretto and Shaver (2015) performed a 
meta-analysis comparing the effects of different corn silage hybrids on dairy cow 
performance and found no difference in total tract digestibility of DM between cows 
fed bm3 and cows fed conventional corn silage diets. Ferraretto and Shaver (2015) did 
find that cows fed the bm3 corn silage diets had greater total tract digestibility of NDF 
compared to cows fed the conventional corn silage diets presumably due to the larger 
pdNDF concentration of the bm3 corn silage.  
Faster fermentation of fiber will decrease the time it takes to reach the critical 
particle size to pass from the rumen. Oba and Allen (2000c) reported that cows fed bm3 
corn silage diets had faster passage rates of NDF and iNDF from the rumen compared 
to cows fed conventional corn silage diets. The faster passage rate of the iNDF is 
interesting as it suggests that the fermentation of the particles is quicker and related to 
greater particle fragility (Oba and Allen, 2000c).  
1.3.5. Effect of bm3 Corn Silage on Chewing Behavior  
The characteristics of the forage fiber can affect how easily the cows chew and 
swallow the feed along with how much rumination is required to reduce particle size of 
the feed particles. The increased fiber digestibility and the lower indigestible fraction of 
the bm3 corn silage has equated to a faster fermentation of the particles and increased 
fragility (Oba and Allen, 2000c).  
Oba and Allen (2000b) investigated the effects of bm3 corn silage compared to 
conventional corn silage in low and high NDF diets. One of the unique aspects of this 
project was the measurement of chewing behaviors. The eating time was unaffected by 
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corn silage treatment, whether expressed as minutes per day or minutes per kilogram of 
DMI (Oba and Allen, 2000b). This lack of response in eating time could be because 
both diets had relatively similar particle size, and the mastication needed to swallow the 
feed was similar.  
In the same study, there was no corn silage effect on rumination time expressed 
as min per d, although when expressed as min per kg of DMI, the cows fed the bm3 
corn silage diets ruminated less than the cows fed the conventional corn silage diets 
(Oba and Allen, 2000b). The reduction in rumination required per unit of DMI with the 
bm3 diets could be due to greater fiber fragility so that less rumination was needed to 
break down particles. 
1.3.6. Effect of bm3 Corn Silage on Rumen Fermentation 
The larger pdNDF fraction and greater NDFD characteristic of bm3 corn silage 
hybrids could lead to negative effects on rumen pH and positive effects on volatile fatty 
acid (VFA) concentrations. Ferraretto and Shaver (2015) and Hassanat et al. (2017) 
reported no difference between cows fed bm3 corn silage diets and cows fed 
conventional corn silage diets for mean rumen pH. In contrast, Oba and Allen (2000a) 
reported that cows fed bm3 corn silage diets had lower mean rumen pH compared to 
cows fed conventional corn silage diets.  
Hassanat et al. (2017) reported no difference between cows fed bm3 corn silage 
diets compared to cows fed the conventional corn silage diets for minutes below rumen 
pH of 5.8, which is an indicator of subacute ruminal acidosis (SARA). In contrast, Oba 
and Allen (2000a) reported that cows fed the bm3 corn silage diets had spent more time 
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below rumen pH of 5.8 compared to the cows fed the conventional corn silage diets. 
The authors attributed the lower rumen pH to the faster digestion rate of bm3 corn 
silage. The difference between these trials in rumen pH response is most likely due to 
the amount of fermentable carbohydrates in the diet; diets in Oba and Allen (2000a) 
had an average starch concentration of 32% whereas diets in Hassanat et al. (2017) had 
an average starch concentration of only 17%. 
The total VFA concentration and proportions of major VFA seemed to be 
unaffected in cows fed bm3 corn silage compared to cows fed conventional corn silage 
diets (Oba and Allen, 2000a; Ferraretto and Shaver, 2015; Hassanat et al., 2017). 
Hassanat et al. (2017) reported that cows fed the bm3 corn silage diets had a lower 
molar proportion of branched-chain VFA (isobutyrate and isovalerate) and rumen 
ammonia concentration compared to cows fed the conventional corn silage diets. These 
responses suggest a greater supply of amino acids and enhanced microbial protein 
synthesis by inhibiting the deamination process and increasing the capture of nitrogen 
(Oba and Allen, 2000b; Hassanat et al., 2017). Gehman et al. (2008) proposed that the 
lower concentrations of isobutyrate and isovalerate when cows were fed brown midrib-
3 corn silage were due to greater rumen fiber digestion and use of the branched-chain 
VFA by cellulolytic bacteria. 
1.3.7. Summary of the Effects of bm3 Corn Silage 
The bm3 gene mutation in corn silage improves the forage quality over 
conventional corn hybrids by increasing the NDFD and decreasing the indigestible 
NDF fraction. This allows cows fed bm3 corn silage to have greater intake and milk 
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production mediated by faster fiber digestion, particle breakdown, and passage from the 
rumen. 
1.3.8. Trace Minerals and Rumen Fiber Digestion 
Trace minerals are not normally one of the factors thought to affect fiber 
digestion, but recent research would suggest that trace minerals should be considered. 
Not only does the dairy cow require trace minerals for proper function, but the rumen 
microorganisms do as well. Trace minerals need to be soluble in the rumen for the 
rumen microorganisms to utilize them, but if they solubilize too quickly, then 
interactions with antagonists may reduce the bioavailability of the mineral for the cow.  
Different sources of trace minerals have varying solubilities in the rumen and 
may affect rumen fermentation, and hydroxy trace minerals are less soluble in the 
rumen compared to sulfate sources (Torre et al., 1991; Cao et al., 2000; Spears et al., 
2004; Genther and Hansen, 2015; Caldera et al., 2019). The hydroxy copper and 
manganese are less soluble in the rumen compared to sulfate sources and have similar 
solubilities in the abomasum at low pH (Spears et al., 2004; Genther and Hansen, 
2015). Earlier research has shown that Zn from hydroxy and sulfate sources has 
variable solubility (Cao et al., 2000; Genther and Hansen, 2015). However, a recent 
study reported that Zn sulfate had a greater rumen solubility than Zn hydroxychloride 
(Caldera et al., 2019). 
Free metals from solubilized trace minerals could bind to undigested fractions 
(e.g., fiber fractions) that subsequently pass from the rumen undigested or negatively 
affect cellulolytic bacteria (Torre et al., 1991; Genther and Hansen, 2015; Faulkner et 
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al., 2017). Faulkner and Weiss (2017) investigated the effect of hydroxy trace minerals 
compared to sulfate trace minerals in forage- or by-product diets on intake, lactational 
performance, and total tract nutrient digestibility of dairy cows. They reported that the 
source of trace minerals did not affect DMI or milk yield (Faulkner and Weiss, 2017). 
However, the cows fed the hydroxy trace minerals diet had greater total tract 
digestibility of NDF compared to cows fed the sulfate trace minerals diet (Faulkner and 
Weiss, 2017). The authors suggested that sulfate trace minerals negatively affected 
cellulolytic bacteria although they did not measure microbial populations in their study 
(Faulkner and Weiss, 2017).  
There is relatively little data on how source of trace mineral affects fiber 
digestion, and no research has focused on its effect on passage rate. More research is 
needed to fully understand the mechanism by which source of trace mineral affects 
rumen fermentation, fiber digestion, and passage. Hence one of the objectives of this 
dissertation is to focus on the effect of source of trace mineral on intake, lactation 
performance, chewing behaviors, total tract fiber digestibility and ruminal fermentation. 
1.3.9. Summary of Physical Fill and Dry Matter Intake 
Physical fill of intake is a complex process of not only the size of the rumen but 
also the turnover of the rumen contents. The size of the animal will dictate the size of 
the rumen and a combination of weight and volume in the rumen signals to the animal 
that it is full. The physical fill effect is more pronounced in cows fed high forage diets 
and in early lactation.  
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Forages provide fiber to cows and are the slowest fermenting feedstuff. The 
neutral detergent system allowed for accurate and rapid quantification of fiber. The 
NDF measure along with in vitro and situ fermentations has provided measurements 
that can be used to predict cow DMI response. The undigested NDF at 240 h is an 
indicator of the indigestible fraction of fiber that is related to gut fill, physical 
effectiveness, and rumen kinetics.  
Since feed can leave the rumen by digestion and passage, it is important to 
understand the factors that affect them. Fiber digestion can be affected by forage 
quality, rumen pH, and trace minerals. Higher quality forages have increased NDFD 
and lower uNDF240 which allow for greater intakes and milk production. One hybrid 
of corn silage has a genetic mutation that improves forage quality called bm3 corn 
silage hybrid. When trace minerals solubilize in the rumen this can cause negative 
consequences for fiber digestion by either affecting cellulolytic bacteria or binding to 
fiber fractions.  
Passage rate can have large effects on intake and can be affected by particle 
size, functional specific gravity, and entanglement in the rumen mat. Forage particles 
need to be reduced to a critical particle size to pass to the omasum although majority of 
the feed particles in the rumen are below the critical particle size. Functional specific 
gravity has been shown to be more influential than particle size for passage rate. 




Understanding the kinetics of fiber in the rumen will allow for solutions to limit 
the effect of physical fill in dairy cows fed high forage diets or in early lactation. More 
research is needed to quantify the factors that affect digestion and passage which will 
allow prediction models for ration formulation.  
1.4. MANAGEMENT EFFECTS ON FEED INTAKE 
The environment the cow lives in will have an impact on her ability to perform 
necessary tasks such as resting and eating, which are essential for health and high levels 
of productivity. The metabolic and physical fill controls of intake can be modified by 
the feeding environment (Grant and Albright, 1995). The feeding environment is a 
combination of management, housing, and feeding system (Munksgaard et al., 2005). 
Intake is affected when the cow is forced to prioritize certain behaviors over others due 
to management, housing, and feeding system. It is important to understand the cow’s 
normal behavior to characterize deviations in behavior related to the management, 
housing, and feeding system. 
The 24-h time budget was described by Grant (2004) to characterize the cow’s 
normal allocation of time to different activities and any departure from the benchmarks 
can be used to quantify the negative effects of management decisions. A major portion 
of the daily time budget for the modern dairy cow is spent lying down, around 720 
minutes on average, and a second large time requirement is time spent eating, around 
240 minutes (Table 1.3; Grant, 2004). The cow also spends on average 510 min/d 




Table 1.3. Time budget of lactating dairy cows (Adapted from Grant, 2004). 
Activity Time allocated, min/d 
Eating 180 - 300 
Lying 720 - 840 
Social interactions 120 - 180 
Ruminating 420 - 600 
Drinking 30 
Outside pen (milking) 150 - 210 
 
1.4.1. Resting and Eating Requirements 
Lactating dairy cattle are primarily motivated to eat to fulfill energy needs for 
lactation (Metz, 1985). However, Munksgaard et al. (2005) reported that when cows are 
limited in access to feed and rest, lying time was prioritized over eating. The cows 
compensated for the decreased eating time by increased eating rate to maintain feed 
intake (Munksgaard et al., 2005). Unfortunately, cows do not have a mechanism to 
increase the efficiency of their resting time and when adequate resting time is not 
achieved it can impair physiological function, health, and productivity (Munksgaard 
and Lovendahl, 1993; Singh et al., 1993; Grant, 2004; Cooper et al., 2007). Lower milk 
yields, poor hoof health, greater serum cortisol, and lower growth hormone have all 
been recorded in cows that have been restricted from achieving satisfactory lying time 
(Munksgaard and Lovendahl, 1993; Singh et al., 1993; Grant, 2004; Cooper et al., 
2007).  
Due to its importance in overall health and productivity, the requirement for 
resting appears to be approximately 720 min/d based on results of several studies (690 
min/d for low milk yield cows and 810 min/d for high milk yield cows, Grant, 2004; 
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720 to 780 min/d, Munksgaard et al., 2005; 684 to 822 min/d, Cook et al., 2005 and 
Drissler et al., 2005; 774 min/d, Fregonesi et al., 2007; 636 min/d, Collings et al., 2011; 
630 min/d, Ito et al., 2014). Pregnant heifers have a rigid, inelastic demand for rest of 
720 to 780 min/d (Jensen et al., 2005).  
Eating time requirements will be variable depending on the housing and feeding 
system such as tie-stall versus free-stall housing. In tie-stall housing, the cows do not 
have competition for their feed and can spend on average 300 min/d eating with a range 
of 282 to 312 min/d (Dado and Allen, 1994). In comparison, lactating cows in free-stall 
housing fed a total mixed ration spent on average 300 min/d eating with a range of 198 
to 360 min/d (Grant, 2004; Huzzey et al., 2006). Variation in daily eating time and 
associated feeding behavior and DMI could be due to differing production levels and 
days in milk, dietary chemical and physical attributes, body condition, age, 
management environment, and even how eating behavior is measured. Although 
variation exists in feeding time, approximately 300 min/d may be a reasonable baseline 
requirement for cattle fed a TMR in a free-stall environment. 
1.4.2. Resting and Eating Relationship 
Even though eating has been deemed more important than resting due to its 
strong relationship to milk production, several studies have proven that when cows are 
limited on access to feed and rest, lying time will be prioritized over eating (Metz, 
1985; Dado and Allen, 1994; Munksgaard et al., 2005). The cows compensated for the 
decreased eating time by increased eating rate to maintain feed intake (Munksgaard et 
al., 2005). Metz (1985) reported that every 90 min of extra idle standing time would 
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equate to 30 to 45 min/d reduction in eating time. In order to maintain a relatively 
constant lying time, cows will reduce eating time.  
Dairy cows will compensate for rest deprivation. As shown with several studies 
that reported between 120 and 240 min/d of rest deprivation, the cows compensated 30 
to 58% following the deprivation (Metz, 1985; Hopster et al., 2002; Cooper et al., 
2007). In order to compensate the cows sacrificed eating time between 32 and 45 
min/d. Within a “realistic” time period of rest deprivation of 2 to 4 h/d, it appears that 
cows sacrifice approximately 1 min of eating time for each 3.5 min of lost rest. If this 
relationship represents a long-term, chronic behavioral adaptation to environments that 
restrict resting time, then we need to adjust expected eating time and associated DMI. 
The relationship between eating and resting has the potential to account for 
variation in intake that is due to management effects. Nutritional models currently have 
not been able to quantify this relationship, but future work could use the time budget 
analysis. This relationship will also be important to consider when evaluating other 
management factors such as overstocking, feeding frequency, and feeding availability.  
1.4.3. Overstocking 
Stocking density is defined as the number of animals per resource, such as stall 
or headlock, usually expressed as % for stalls and meters per cow for manager space. 
Overstocking is having more animals than resources and is becoming a common 
practice on dairy farms. von Keyserlingk et al. (2012) reported that 60% of high 
producing groups across Northeastern US, California, and British Columbia had 
stocking densities over 100%. Overstocking is practiced by dairy farms to increase 
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economic returns and has been shown to maximize profits at stall stocking density 
(SSD) of 120% in 50% of scenarios (DeVries et al., 2016). Although there is an 
economic incentive, there are negative effects of overstocking on DMI, chewing 
behaviors, lying time, and milk production.  
As stocking density increases, specifically at the feed manager, the competition 
for feed increases. Collings et al. (2011) investigated the effects of stocking density 
(100 or 200%) and access to feed (24 or 14 h). They reported that cows that were 
overstocked at 200% had 11.2 displacements at the feed bunk per day compared to the 
4.8 displacements of the cows with a stocking density of 100% (Collings et al., 2011). 
The cows overstocked at 200% and only allowed access to feed for 14 h/d had double 
the number of displacements compared to cows overstocked at 200% with access to 
feed for 24 h/d (15.0 vs. 7.4 displacements/d; Collings et al., 2011). As competition at 
the feed bunk increases, this increases the frequency of aggressive interactions. The 
ability for a cow to satiate her drive to eat will depend on her ability to compete at the 
feed bunk.  
Several short-term studies have investigated the effect of overstocking on DMI, 
and in general, there is no effect on intake (Batchelder, 2000; Collings et al., 2011; 
Krawczel et al., 2012; Campbell et al., 2015; Wang et al., 2016; Campbell et al., 2017; 
Crossley et al., 2017). In the majority of the studies that did measure eating time, 
overstocking did not have an effect (Krawczel et al., 2012; Campbell et al., 2015; Wang 
et al., 2016; Campbell et al., 2017). However, Collings et al. (2011) did report that 
cows overstocked at 200% spent 194 min/d eating compared to the cows with a 
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stocking density at 100% spent 205 min/d eating. In order to maintain their intake, the 
cows overstocked at 200% increased their eating rate by 10% more compared to the 
cows with stocking density at 100% (147 vs. 134 g/min; Collings et al., 2011). Another 
study by Crossley et al. (2017) found similar results in that overstocking did not have 
an effect on DMI, eating time decreased, and the eating rate increased with increasing 
stocking density. Both of these studies were short term and very little literature has 
investigated the effect of overstocking for longer periods of time. A long-term study 
(10 wk) investigated the effects of overstocking on dairy cow performance and reported 
that cows increased their eating rate to maintain intake when overstocked (Ferris et al., 
2015). Dairy cows that are overstocked were able to compensate for increased 
competition at the feed bunk by increasing their eating rate. 
Cows that are overstocked above 130% spent less time lying compared to cows 
overstocked at 100%, and importantly, overstocking did not affect eating time 
(Fregonesi et al., 2007; Hill et al., 2009; Krawczel et al., 2012; Campbell et al., 2015; 
Campbell et al., 2017). The extra time created by reduced resting with overcrowding 
was not spent eating, but rather standing idle in the alley (Fregonesi et al., 2007; Hill et 
al., 2009; Krawczel et al., 2012; Campbell et al., 2015; Campbell et al., 2017). This 
increased standing time can have negative effects on health and increase energy 
expanded due to stress, which could lead to lower milk production. Although 
overstocking did not affect milk yield, this could be due to the studies being short-term 
in nature (Krawczel et al., 2012; Campbell et al., 2015; Campbell et al., 2017; Crossley 
et al., 2017).  
32 
 
Overstocking causes dairy cows to increase their eating rate to maintain DMI 
and spend more time idle standing in the alley. These studies have all been relatively 
short-term, and the effects of chronic overstocking need to be investigated further to 
better quantify animal response.  
1.4.4. Grouping of Dairy Cattle 
Grouping of dairy cattle is important for nutritional requirements, management 
decisions, and behavior. Cattle that are similar in days in milk, milk production, body 
weight, and age have comparable nutritional requirements. This allows for the best 
allocation of feeds to different groups and maximizes the efficiency of nutrient use 
(Grant and Albright, 2001). The next consideration is management decisions such as a 
parlor and holding area capacity. Grant and Albright (2001) suggested that cattle should 
not be out of the pen longer than an hour for each milking. For herringbone and parallel 
parlors, the maximum group size is 4.5 times the parlor size (Smith et al., 2000). 
Specific on-farm situations will also dictate grouping such as herd and barn size (Grant 
and Albright, 2000).  
1.4.5. Grouping by Parity 
Parity is a major factor for grouping dairy cattle due not only to differences in 
nutritional requirements, but also differences in behavior. Crossley et al. (2018) 
reported that primiparous cows had lower DMI and eating rate compared to 
multiparous cows. Primiparous cows had a greater number of meals that were smaller 
compared to multiparous cows (Crossley et al., 2018). This could be due to heifers 
having a smaller body size and frequently a lower position in the group’s dominance 
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hierarchy (Grant and Albright, 2001). When heifers were separated from older cows, 
the primiparous cows produced 729 kg more milk per lactation than when comingled 
with multiparous cows (Phelps, 1992).  
The competition between primiparous and multiparous cows when commingled 
has negative effects on heifers, most likely due to lower dominance hierarchy (Grant 
and Albright, 2001). Several research studies evaluated the effect of overstocking and 
parity on DMI and feeding behavior, and results have been variable (Konggaard and 
Krohn, 1978; Bach et al., 2006; Hill, 2006; Azizi et al., 2009). Further research is 
needed to evaluate the optimal grouping of cattle and the effects of overstocking on 
DMI and feeding behavior in commingled pens.  
1.4.6. Feed Availability 
The goal of a feeding system for lactating dairy cows is to provide a diet that 
supports their energy requirements and always have access to that feed. To ensure 
access to feed, the amount of feed refusals, frequency of feed delivery, and frequency 
of feed push-ups need to be considered. Grant and Albright (1995) reported that DMI is 
influenced by the amount of feed refusal and availability throughout the day. When 
feed refusals are too low, then this means the cows could run out of feed for several 
hours, and several studies have investigated the effects of feed availability on intake 
and performance. French et al. (2005) investigated the effect of refusal amount of 2.5% 
and 5.0% and found that DMI and FCM were not affected by the refusal amount. The 
cows fed the 2.5% refusal amount had shorter eating time and greater eating rate than 
the cows fed the 5.0% refusal amount (French et al., 2005). This demonstrates that 
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cows can modify feeding behavior to compensate for a shorter amount of time with 
feed access.  
The cows in the previous study experienced relatively short periods without 
feed access, but can cows modify their feeding behavior to compensate for longer 
periods? Collings et al. (2011) investigated the effects of feed access of either 14 or 24 
h with 100 or 200% stocking density of feed manger and reported that cows had a 
tendency for lower DMI for cows with feed access of 14 h compared to 24 h. The cows 
with 14-h feed access had shorter eating time compared to the cows with 24 h of feed 
access, but only the cows with 14 h of feed access and 200% stocking density increased 
eating rate (Collings et al., 2011). This was unexpected as both groups of cows with 14 
h of feed access, whether 100 or 200% stocking density, should have increased their 
eating rate, although this could have been due to the relatively short-term observation 
periods.  
Ferris et al. (2013) investigated the long-term effects of feed access of 18 or 24 
h. The cows with feed access of 18 h had similar DMI to the cows with 24-h access to 
feed by increasing their eating rate (Ferris et al., 2013). Cows are able to compensate 
for limited feed access. It is important to note that, for all of these studies, the feed 
access was consistent from day-to-day. In theory, cows would not be able to 
compensate if the daily feed access was variable, as would occur in on-farm feeding 
situations. Further research is needed to quantify the effects of random feed access on 
DMI.  
1.4.7. Importance of Feed Delivery 
35 
 
Feed delivery frequency will influence intake, feeding behavior, and sorting for 
dairy cows (DeVries and von Keyserlingk, 2005; DeVries et al., 2005; Macmillan et al., 
2017). Delivery of fresh feed was more influential on feeding behaviors than returning 
from milking (DeVries and von Keyserlingk, 2005). Increasing the frequency of feed 
delivery has been shown to increase DMI (Mantysaari et al., 2006; Sova et al., 2013; 
Hart et al., 2014) although several studies reported no effect of feeding frequency on 
intake (DeVries and von Keyserlingk, 2005; DeVries et al., 2005; Macmillan et al., 
2017; Miller-Cushon and DeVries, 2017). These mixed results could be due to 
differences in characteristics of diet, time budget, and cattle characteristics. Eating 
activity is stimulated by feed delivery, but feed push-up is also important (DeVries and 
von Keyserlingk, 2005; DeVries et al., 2005). DeVries et al. (2005) reported that feed 
push-up is more important during the day rather than night. This is most likely due to 
the majority of eating time occurring during the day.  
Grant and Albright (2005) reported that improved ruminal fermentation should 
occur with greater feeding frequency. Increased frequency of feed delivery reduced the 
ability for cows to sort (DeVries et al., 2005). Macmillan et al. (2016) investigated the 
effect of increased feeding frequency on feeding behavior and ruminal fermentation of 
low- and high-risk dairy cows for SARA. For high-risk cows, the increased feed 
frequency from 1 to 3 times a day shifted the time of day the cows ate and reduced the 
severity of SARA (Macmillan et al., 2017). The frequency of feed delivery will not 




1.4.8. Summary of Management Effects on Feed Intake 
The environment the cow lives in will affect her normal behavior and feed 
intake. Lactating dairy cows have a requirement of ~ 720 minutes/d for lying, and 
factors that affect this will have negative consequences on milk production and health. 
When cows are not able to meet their lying requirement, they will compensate by 
prioritizing rest. Overstocking is a common practice on dairy farms and can have 
detrimental effects on dairy cow behavior and performance. As competition for feed 
and stalls increases, cows will increase their eating rate to maintain DMI and spend 
more time idly standing.  
The amount of feed given and how often delivered, can affect intake. As cows 
have restricted feed access, they will increase their feeding rate, but if restricted for 
long enough, the cows will not be able to compensate. Increasing the frequency of feed 
delivery can increase intake and optimize feeding behaviors which could lead to 
improved ruminal fermentation. So, a successful feeding system will need to prioritize 
continuous access to feed with several feedings a day.  
As nutritional models try to capture the management effects on intake, there 
will be a need to account for a dairy cow’s time budget accurately. One of the 
challenges of the time budget is the ability to measure eating and lying time on-farm. 
There is a need to precisely predict eating time to help increase the accuracy of a 
model. So, common on-farm measures such as NDF content, physically effective NDF 
(peNDF), milk yield, and body weight could be used to predict eating time. Research is 
needed to create a model that can accurately quantify the management effects on intake.  
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1.5. RESEARCH HYPOTHESES AND OBJECTIVES FOR THE 
DISSERTATION 
Intake is an important variable for lactating dairy cows and it can be controlled 
by physical fill and management effects. The physical fill is when the diet physically 
limits intake, and forages provide fiber which is the slowest fermenting feedstuff. The 
quality of the forage will affect how quickly the fiber will digest and pass out of the 
rumen allowing for greater intake.  
One of the methods to increase forage quality is choosing a hybrid with higher 
forage quality, such as bm3 corn silage. The bm3 corn silage hybrid has increased 
NDFD and lower uNDF240 which allow for greater intakes and milk production. There 
is a significant amount of research on the effect of source of corn silage hybrid, but 
very little information about the effects of trace minerals. Recent research has 
documented a negative effect of trace mineral source on fiber digestion, but no mode of 
action has been identified.  
To date, no study has assessed the interaction between source of forage fiber 
and the source of trace minerals in diets fed to lactating dairy cows. We hypothesize 
that sulfate source of trace minerals would negatively affect total tract fiber digestibility 
and the effect would be greater in the diets with conventional corn silage. We further 
hypothesize that sulfate trace minerals would negatively affect ruminal characteristics, 
and the effect would be greater in the diets with conventional corn silage.  
The management effects can have negative effects on intake by not allowing a 
cow to exhibit her natural behaviors. To quantify these negative effects from 
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management decisions, we will focus on measures that can be made on-farm. Resting is 
a large driver of behavior for a lactating dairy cow, and she will prioritize it over other 
behaviors such as eating to fulfill this requirement. Overstocking can affect the cow’s 
behavior by increasing the competition for resources. To compensate for this increased 
competition cows will increase their eating rate and idle standing time. The parity of 
the cow will also affect behavior as the primiparous cows produce more milk per 
lactation if housed with other primiparous cows compared to commingled with 
multiparous cows. This is likely due to the multiparous cows being more dominant.  
Feed access and frequency are important management decisions as they can 
have negative effects on intake. When cows have restricted feed access, they can 
increase their eating rate, although there is an upper limit of time without feed before 
the cows cannot compensate. Increasing feeding frequency can increase intake and 
optimize feeding behaviors which could create a healthier rumen environment.  
There has been little work on quantifying the management effects on intake and 
creating a mathematical model with these relationships. In order to create a model that 
can be used on-farm we will need to utilize on-farm measures to predict eating time as 
it is hard to measure. We hypothesize that building a model with the effects of 
management decisions will improve the prediction of DMI.  
In order to address these questions, the objectives of this dissertation were to: 1) 
evaluate the effect of source of corn silage and trace mineral on intake, lactation 
performance, chewing behaviors, total tract fiber digestibility and ruminal fermentation, 
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The effects of source of corn silage and trace minerals on lactational 
performance and total tract digestibility (TTD) of nutrients were evaluated with sixteen 
Holstein cows averaging 82 (SE = 3) days in milk in a replicated 4 x 4 Latin square 
design with a 2 x 2 factorial arrangement of treatments with 28-d periods. The diets 
consisted (dry basis) of 55% conventional (CON) or brown midrib-3 (BM3) corn 
silage, 2% chopped wheat straw, and 43% grain mix with either sulfate (STM) or 
hydroxy (HTM) source of copper, manganese, and zinc trace minerals. The targeted 
supplemental concentrations of copper, zinc, and manganese were 194, 1657, and 687 
mg/d, respectively. The dietary treatments were: 1) CON-STM, 2) CON-HTM, 3) 
BM3-STM, and 4) BM3-HTM. Dietary nutrient composition of BM3 diets averaged 
32.1% amylase neutral detergent fiber on an organic matter basis (aNDFom) and 6.9% 
undigested neutral detergent fiber at 240-h [uNDF240om; % of dry matter (DM)] and 
CON diets averaged 36.2% aNDFom and 8.6% uNDF240om (% of DM). The average 
supplemental concentrations of copper, zinc, and manganese for the STM diets were 
10, 41, and 64 mg/kg, respectively, and the average supplemental concentration of 
copper, zinc, and manganese for the HTM diets were 10, 40, and 62 mg/kg, 
respectively. The average total dietary concentrations of copper, zinc, and manganese 
for the STM diets were 17, 104, and 60 mg/kg, respectively, and the average total 
dietary concentration of copper, zinc, and manganese for the HTM diets were 17, 91, 
and 66 mg/kg, respectively. Data were summarized by period and analyzed as a 
replicated Latin square design with fixed model effects for corn silage, trace mineral, 
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corn silage and trace mineral interaction, period within replicate, and replicate using the 
MIXED procedure of SAS. Cow within replicate was a random effect. Cows fed the 
BM3 diets had greater dry matter intake (DMI) and milk yield (28.1 and 47.0 kg/d) 
compared to the cows fed the CON diets (27.5 and 44.7 kg/d). There was no significant 
interaction between corn silage and trace mineral for DMI and milk yield. The cows fed 
the HTM diets (28.1 kg/d) had greater DMI than cows fed STM diets (27.5 kg/d). The 
cows fed the BM3 diets had greater TTD of DM and OM (72.8 and 74.1% of DM) than 
cows fed the CON diets (71.1 and 72.3% of DM). Cows fed the HTM diets had a 
tendency for greater TTD of aNDFom than the cows fed STM diets (56.8 vs. 54.9% of 
DM). Cows fed the CON diets ruminated longer during the day than cows fed the BM3 
diets (524 vs. 496 min/d). Corn silage with greater NDF digestibility and lower 
uNDF240om enhanced DMI, milk yield, and TTD of DM and OM, and hydroxy trace 
minerals improved DMI and tended to improve TTD of aNDFom. Source of corn silage 
and trace mineral should be taken into consideration when formulating diets for high 
producing dairy cows. 










The chemical and physical characteristics of forage fiber influence rumen 
fermentation and digestibility (Allen and Mertens, 1988). Corn silage is a major 
contributor of the forage fiber in dairy cattle diets, and hybrids such as brown midrib 
corn silage (BM3) have greater NDF digestibility, lower lignin content, and less 
indigestible NDF (iNDF) than conventional corn silage (CON; Hassanat et al., 2016). 
Undigested neutral detergent fiber on an organic matter basis (uNDF240om) measures 
the iNDF following in vitro fermentation for 240 h (Raffrenato et al., 2018). 
Undigested NDF has been related to digestion and passage kinetics, gut fill, and 
physical effectiveness (Nousiainen et al., 2003; Cotanch et al., 2014). In previous 
studies, cows fed BM3 corn silage diets had greater DMI and lower rumen fill than 
cows fed diets with CON corn silage. This advantage of BM3 over CON corn silage in 
DMI and fill is attributable to a lower iNDF fraction and greater fiber passage rates 
(Oba and Allen, 1999a; 2000a; and 2000c; Hassanat et al., 2017). 
Trace minerals are required for the proper function of rumen microorganisms, 
but solubilization in the rumen may release free metal too fast, allowing interactions 
with antagonists which reduces the bioavailability of the mineral. Solubility varies 
among different sources of trace minerals, such as between hydroxy and sulfate, and 
can affect rumen fermentation. The free metals from solubilized minerals may have 
direct negative effects on cellulolytic bacteria or they may bind to undigested fractions 
(e.g., fiber fractions) that subsequently pass from the rumen undigested (Torre et al., 
1991; Genther and Hansen, 2015; Faulkner et al., 2017). Rumen solubility of hydroxy 
57 
 
Cu and Mn is less than sulfate sources, but they have similar solubilities at lower pH in 
the abomasum (Spears et al., 2004; Genther and Hansen, 2015). Earlier research has 
shown that Zn from hydroxy and sulfate sources has variable solubility (Cao et al., 
2000; Genther and Hansen, 2015). However, a recent study reported that Zn sulfate had 
a greater rumen solubility than Zn hydroxychloride (Caldera et al., 2019). Feeding 
sulfate sources of Cu, Mn, and Zn minerals decreased total tract NDF digestibility 
compared to hydroxy Cu, Mn, and Zn minerals in forage- and by-product-based dairy 
cattle diets (Faulkner and Weiss, 2017). The forage-based diets resulted in a greater 
difference in NDF digestibility between the sulfate and hydroxy trace minerals than the 
by-product-based diets. This result suggests that the source of NDF influences the 
potential effect of source of trace mineral on NDF digestibility. 
To date, no study has assessed the interaction between source of forage fiber and 
the source of trace minerals in diets fed to lactating dairy cows. Therefore, the objective 
of this study was to evaluate the effect of source of corn silage and trace minerals on 
lactation performance and total tract digestibility of nutrients in Holstein cows. Our 
hypothesis was that sulfate source of trace minerals would negatively affect total tract 
fiber digestibility and the effect would be greater in the diets with conventional corn 
silage. 
2.3. MATERIALS AND METHODS 
2.3.1. Experimental Design, Diets, and Management of Cows 
All experimental procedures involving animals were approved by the William 
H. Miner Agricultural Research Institute Animal Care and Use Committee. The study 
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was conducted at the William H. Miner Agricultural Research Institute (Chazy, NY) in 
the Charles J. Sniffen Dairy Research and Education Complex. Sixteen lactating 
Holstein cows (8 ruminally cannulated) averaging 82 ± 3 (standard error) DIM at the 
beginning of the experiment were blocked by cannulation status, DIM, and milk 
production and were used in a replicated 4 x 4 Latin square design with a 2 x 2 factorial 
arrangement of treatments. The study had 28-d periods. Each square was conducted 
concurrently, with the first 17 d serving as an adaption period, and the last 11 d serving 
as the collection period. Cows were enrolled on the study 14 d before period 1 began 
and were fed a TMR with no supplemental trace minerals or monensin (Elanco Animal 
Health, Greenfield, IN).  
Dietary treatments (Table 2.1.) were formulated to contain either conventional 
(CON) or brown midrib-3 corn silage (BM3) and either a sulfate (STM) source of Cu, 
Zn, and Mn or hydroxy trace minerals (HTM; IntelliBond Cu, Zn, and Mn; 
Micronutrients USA LLC, Indianapolis, IN). The objective for substitution of corn 
silage simply on a 1:1 DM basis was to allow the differences in fiber fractions among 
the diets to be determined primarily by the source of corn silage. The targeted 
supplemental concentrations of copper, zinc, and manganese were 194, 1657, and 687 
mg/d, respectively. The four dietary treatments were: 1) CON and sulfate trace minerals 
(CON-STM), 2) CON and hydroxy trace minerals (CON-HTM), 3) BM3 and sulfate 
trace minerals (BM3-STM), and 4) BM3 and hydroxy trace minerals (BM3-HTM). 
Diets were formulated using Cornell Net Carbohydrate Protein System biology 
(AMTS.Cattle.Professional, Agricultural Modeling & Training systems, LLC, Groton, 
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NY; version 4.8). Inputs used for diet formulation included 29.9 kg/d DMI, 54 kg/d 
milk with 3.60% fat and 3.05% true protein, and 750 kg of BW. Cows were fed the 
diets as TMR for ad libitum intake (approximately 1.05  expected intake) once daily 
(fed at 1400 h; Calan Data Ranger, American Calan, Inc., Northwood, NH) in a tie-stall 
barn equipped with individual feed boxes. 
2.3.2. Data Collection, Sample Procedures, and Analytical Methods 
Forages, diets, and orts were collected 3 times per week during d 1 to 17 and 
daily for d 18 to 28. Grain mixes were collected once per week during d 1 to 17 and 
daily from d 18 to 28. A portion of each sample was dried in a forced-air oven at 105C 
to constant weight for DM determination. Diets were adjusted for changes in DM 
content of the feed ingredients when a feed ingredient DM value was outside the range 
of the DM mean ± 1.2 standard deviations or a new feed ingredient source was used or 
delivered.  
Starting on d 18 of each period, a portion of the feed ingredients, diets, and orts 
collected daily was stored frozen at -20C, and then was composited by period by 
combining equal volumes of the daily as-fed samples. The composites of feed 
ingredients were analyzed for chemical composition (CPM Plus; Cumberland Valley 
Analytical Services, Inc., Waynesboro, PA). Analyses included DM, ash (method 
942.05; AOAC, 2012), OM (method 942.05; AOAC, 2012), CP (method 990.03; 
AOAC, 2012), soluble protein according to Krishnamoorthy et al. (1982), fat (method 
2003.05; AOAC, 2012), acid detergent fiber (ADF; method 973.18; AOAC, 2012), 
NDF using α-amylase (Van Soest et al., 1991), acid detergent lignin (ADL; Goering 
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and Van Soest, 1970), starch according to Hall (2009), sugar as ethanol soluble 
carbohydrates according to Dubois et al. (1956), and minerals (method 985.01; AOAC, 
2012). 
Fermentation analysis was performed on the ensiled forage composite samples 
(Cumberland Valley Analytical Services, Inc., Waynesboro, PA). A 25-g wet sample 
was diluted with 200 mL of water, blended, and filtered through 20- to 25-µm filter 
paper. The extract was used to determine pH with a Mettler DL12 pH Titrator (Mettler-
Toledo, LLC; Columbus, OH) and NH3-N in a 1-to-3 ratio of extract and water with a 
Labconco Rapidstill II model 65200 analyzer (Labconco; Kansas City, MO). Lactic 
acid was determined in a 1-to-1 ratio of extract and water with a YSI 2700 Select 
Biochemistry Analyzer (YSI, Inc.; Yellow Springs, OH). Acetic, propionic, butyric, 
and isobutyric acid concentrations were determined with a Perkin Elmer AutoSystem 
gas chromatograph using a Restek column packed with Stabilwax-DA (Perkin Elmer, 
Shelton, CT). 
Fiber characteristics and NDF digestibility at 30 h (NDFD at 30 h) were 
determined on the forage and grain composite samples (Cumberland Valley Analytical 
Services, Inc., Waynesboro, PA). Undigested NDF at 30-, 120- and 240-h time points 
(uNDF30om, uNDF120om, uNDF240om, respectively) for forages and uNDF at 12-, 
72-, and 120-h time points (uNDF12om, uNDF72om, and uNDF120om) for grains 
were assessed using a Tilley-Terry rumen fermentation system (Raffrenato et al., 2018; 
Cumberland Valley Analytical Services, Inc., Waynesboro, PA). Starch digestibility at 
7 h (Hall, 2009; Cumberland Valley Analytical Services, Inc., Waynesboro, PA) was 
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determined on the period composite samples of corn silage and grain mixes. A portion 
of the period composite for forage and grain mixes was used to determine particle size 
distribution on a DM basis (55C) by dry vertical sieving (Ro-Tap testing sieve shaker 
model B; W. S. Tyler Combustion Engineering, Inc., Mentor, OH). The physical 
effectiveness factor (pef) was defined as the fraction of particles retained on the 1.18-
mm screen or greater. Physically effective NDF (peNDF) of a forage or diet was 
calculated as the product of its NDF content and its pef (Mertens, 1997).  
Individual DMI was determined by recording feed offered and refused daily. 
Samples of diets and orts were collected daily (d 18 to 28) during each period and a 
portion of each sample was dried in a forced-air oven at 105°C to constant weight for 
DM determination.  
Cows were milked three times daily (0430, 1230, and 2030 h) in a double-
twelve parallel milking parlor (Xpressway Parallel Stall System; Bou-Matic, Madison, 
WI). Milk yield was recorded electronically at each milking daily (d 18 to 28) for each 
period (ProVantage Information Management System; Bou-Matic, Madison, WI). Milk 
samples from six consecutive milkings for each cow were collected on d 25 and 26 of 
each period. The milk samples were analyzed for fat, true protein, lactose (anhydrous), 
solids nonfat, urea nitrogen, and de novo, mixed, and preformed fatty acids by mid-
infrared procedures (CombiScope FTIR 300 Hp; Delta Instruments, Drachten, The 
Netherlands; Wojciechowski and Barbano, 2016; Wojciechowski et al., 2016; Woolpert 
et al., 2016). Somatic cell count was analyzed by flow cytometry (CombiScope FTIR 
300 Hp, Delta Instruments, Drachten, The Netherlands). Daily milk samples were 
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mathematically composited after analysis in proportion to milk yield at each sampling. 
Somatic cell count was transformed and analyzed as somatic cell score (SCS) according 
to Shook et al. (1993) using the equation: SCS = log2(SCC/100) + 3 where SCC is in 
units of 1,000 cells/mL. Energy-corrected milk was calculated using a formula 
modified to account for use of true protein instead of total protein (Tyrrell and Reid, 
1965; Mark Stephenson, University of Wisconsin; 
https://dairymarkets.org/PubPod/Reference/Library/Energy%20Corrected%20Milk): 
0.327 × kg of milk + 12.95 × kg of fat + 7.65 × kg of true protein. 
Feed efficiency (kg/kg) was calculated and expressed as milk/DMI and energy-
corrected milk/DMI for d 18 through d 28 of each period. 
Body weight was measured (Allweigh computerized scale; Allweigh Scale 
System Inc., Red Deer, AB, Canada) and body condition score (BCS) was assigned in 
0.25-unit increments on a 1 to 5 scale (Ferguson et al., 1994) at the beginning of the 
study and on d 28 of each period by two trained individuals independently. 
Total tract digestibility of DM, OM, aNDFom, and starch was determined on d 
20 to 23 of each period. Samples of diets and orts were collected on d 20 to 23. 
Representative samples of the diets were taken and composited by treatment. 
Representative samples of the orts were collected for each cow and composited by cow. 
Fecal grab samples were collected d 21 through d 23 for each period so that every 3 h 
in a 24-h period were represented (eight samples total). Fecal samples from each cow 
were composited by combining approximately 118 mL of wet feces from each time 
point. Samples of diets, orts, and feces were frozen at -20°C, dried in a forced-air oven 
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at 55°C for 48 h, ground to pass through a 1-mm screen (Wiley mill; Arthur H. 
Thomas, Philadelphia, PA), and submitted for chemical analysis (Cumberland Valley 
Analytical Services, Inc., Waynesboro, PA). Composite samples of diets (by period), 
orts (by cow and period), and feces (by cow and period) were analyzed for DM, OM, 
ADF, aNDFom, and starch (method 942.05, AOAC, 2012; method 973.18, AOAC; 
Van Soest et al., 1991; Hall, 2009). The uNDF240om concentration was used as an 
internal marker. Total tract digestibility was calculated by the ratio technique using the 
concentrations of the nutrients and uNDF240om in the diet and feces (Maynard et al., 
1979). The nutrient content of the diet used in the digestibility calculation was adjusted 
for each cow based on the nutrient composition of the diet offered and refused. 
Digested nutrients were calculated by nutrient intake multiplied by total tract 
digestibility of that nutrient.  
Cows were monitored for chewing activity (eating or ruminating) and posture 
(standing or lying) every 5 min for 3 consecutive 24-h periods (d 23 to 25) for each 
period. Chewing observations continued while cows were being milked, for a total of 
72 h of chewing behavior observations. Total time in minutes spent on each activity for 
each day was quantified by multiplying the total number of observations for that 
activity by 5 min. Number of bouts and the length of bout of eating was recorded. A 
bout was defined as at least two consecutive observations of eating behavior not 
interrupted by more than two observations of a different behavior (Black et al., 2016). 
2.3.3. Statistical Analysis 
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Data from the analysis of feed ingredients and diets were analyzed using the 
MEANS procedure of SAS (Statistical Analysis System, version 9.4; SAS Institute 
Inc., Cary, NC), and were reported as descriptive statistics (mean  standard error).  
Two cows were removed from the final dataset used for statistical analysis. One 
of the cows failed to respond to antibiotic and supportive therapy for mastitis that was 
caused by Enterobacter (Quality Milk Production Services, Ithaca, NY). The other cow 
had severe digestive upset that caused a dramatic drop in feed intake and milk 
production during period 4 and she never recovered. Thus, 14 cows (8 cannulated cows 
and 6 non-cannulated cows) were used in the statistical analysis.  
Data with a normal distribution (DMI, milk yield and composition, feed 
efficiency, BW, body condition score, chewing behaviors, and total tract digestibility) 
were analyzed as a replicated Latin square design (Latin rectangle) with fixed effects of 
corn silage, trace mineral, corn silage and trace mineral interaction, period within 
replicated square, and replicated square using the MIXED procedure of SAS. Cow 
within replicate was a random effect. Repeated measurements of performance data 
from the collection period (e.g., DMI, milk yield and composition, feed efficiency, 
chewing behaviors, and total tract digestibility) were reduced to period means for each 
cow before statistical analysis. Significance was declared at P  0.05 and trends at 0.05 
< P  0.10. 
2.4. RESULTS AND DISCUSSION 
2.4.1. Dietary and Ingredient Nutrient Composition 
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Chemical composition and in vitro NDF and starch digestibility of the 
ingredients and concentrate mixes are presented in Tables 2.2., 2.3., 2.4., and 2.5. 
Neutral detergent fiber averaged 41.9 and 39.1% for CON and BM3 corn silage, 
respectively. The starch content of the CON corn silage was lower than the BM3 corn 
silage due to an unexpected change in starch content during periods 3 and 4 compared 
to periods 1 and 2 (29.6 vs. 35.6% of DM). In vitro starch digestibility averaged 81.2 
and 80.6% of starch for CON and BM3 corn silage, respectively. The BM3 corn silage 
had a 9.7%-unit greater NDFD at 30 h compared to the CON corn silage (68.4 vs. 
58.7% of aNDFom, respectively). The BM3 corn silage had a 2.8%-unit lower 
uNDF240om compared to CON corn silage (7.8 vs. 10.6% of DM, respectively). These 
relative differences were expected based on previous literature comparing BM3 and 
CON corn silage hybrids (Oba and Allen, 2000c; Hassanat et al., 2017). 
The calculated chemical composition and fiber fractions of the treatment diets 
(based on analysis of individual ingredients) are shown in Tables 2.6. and 2.7. The 
CON diets had numerically greater aNDFom and lower starch content than the BMR 
diets due to the greater aNDFom and lower starch content of the CON corn silage (36.2 
vs. 32.1% of DM; 21.9 vs. 26.2% of DM, respectively). The NDFD at 30 h was 
numerically greater for the BM3 diets compared to the CON diets and the uNDF240om 
was numerically lower for the BM3 diets compared to the CON diets (62.0 vs. 55.7% 
of aNDFom; 6.9 vs. 8.6% of DM, respectively). The overall TMR composition 
primarily reflected the compositional differences between the sources of corn silage.  
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The supplemental and total dietary trace mineral concentrations were 
numerically similar among diets. The concentrations of trace minerals were kept 
constant across diets, but the source was either sulfate trace minerals or hydroxy trace 
minerals as shown in Table 2.8. The concentrations of trace minerals were chosen to be 
similar to on-farm diets for high producing dairy cows and exceeded NRC (2001) 
guidelines. The average total dietary mineral content for copper, manganese, and zinc 
was 472, 1,757, and 2,699 mg/d, respectively. The average total dietary mineral content 
for copper, manganese, and zinc for Faulkner and Weiss (2017) was 477, 1,812, and 
1,817 mg/d, respectively. The copper and manganese contents were very similar to 
Faulkner and Weiss (2017). We had a greater intake of zinc compared to Faulkner and 
Weiss (2017), but this was expected due to formulating for a higher concentration of 
the mineral (63 versus 35 mg/kg).  
As expected, the particle size distribution among the diets was similar (Table 
2.9.). The diets had a pef of approximately 0.68. The peNDF content, measured 
according to Mertens (1997), of the CON diets were greater than BM3 diets (24.1% vs 
21.9%, respectively) which can be attributed to differences in aNDFom content in each 
diet and not particle size distribution.  
In summary, we anticipated that the response to diet would be a function of 
source of corn silage and trace mineral. Although we had intended for the silage to 
differ mainly in NDF digestibility, the unexpected change in starch content during the 
study means that any measured effect of corn silage will be a combination of NDF and 
starch concentrations.  
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2.4.2. Lactational Performance 
Dry matter intake, BW, BCS, and nutrient intakes are presented in Table 2.10. 
The interaction of corn silage and trace mineral was not significant (P = 0.11) for DMI. 
Cows fed the BM3 diets had greater (P = 0.02) DMI compared to the cows fed the 
CON diets (28.1 vs. 27.5 kg/d). The cows fed the HTM diets had greater (P = 0.01) 
DMI than the cows fed STM diets (28.1 vs. 27.5 kg/d). The difference in intake 
between the cows fed the BM3 and CON diets was expected as the BM3 diets had 
greater in vitro digestibility of aNDFom and lower iNDF. In similar studies, cows fed 
diets with BM3 compared to CON corn silage had greater DMI and lower rumen fill 
believed to be related to a lower indigestible fiber fraction and greater passage rates of 
fiber from the rumen (Oba and Allen, 1999a; 2000a; and 2000c; Hassanat et al., 2017).  
It is unlikely that the difference in starch content between the BM3 and CON 
diets had a major influence on DMI as physical fill from forage NDF is a primary factor 
reducing DMI (Allen, 2000). To further support this, in previous research with diets 
varying in starch content between 3 and 8% there was no reported differences in DMI 
or milk production (Voelker et al., 2003; Dann et al., 2014).  
In contrast, Faulkner and Weiss (2017) did not report a difference in DMI 
between diets with sulfate or hydroxy trace minerals in forage- or by-product-based 
diets. The difference between the studies could be due to source of fiber as Faulkner 
and Weiss (2017) used corn silage (44% of DM) and alfalfa silage (20% of DM) in the 
forage-based diets and corn silage (20% of DM), alfalfa silage (15% of DM), and fiber 
from by-products (54.2% of DM) in the by-product-based diets. In contrast, in our 
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study the majority of forage was corn silage (55% of DM) with a small amount of 
chopped wheat straw (2% of DM). The difference between the studies also could be 
due to greater DMI and milk production in our study compared to Faulkner and Weiss 
(2017; 27.8 vs. 24.2 kg/d; 45.8 vs. 33.6 kg/d, respectively).     
Body weight, and BCS were not different among treatments (P > 0.10; Table 
2.10.). The cows fed the CON diet had greater (P < 0.01) aNDFom and pdNDF intakes 
than cows fed the BM3 diets (9.9 vs. 8.9 kg/d; 7.6 vs. 7.0 kg/d, respectively). There was 
a tendency for a corn silage-by-trace mineral interaction (P = 0.09) on uNDF240om 
intake. The uNDF240om intake was lower for the cows fed the STM compared to 
HTM in the BM3 diets (1.91 vs. 1.99 kg/d), whereas the uNDF240om intake was not 
greatly affected by source of trace mineral in the CON diets (2.35 vs. 2.37 kg/d). The 
cows fed the BM3 diets had lower uNDF240om intakes than cows fed the CON diets 
(1.95 vs. 2.36 kg/d), and this was due to a lower indigestible fraction of NDF in the 
BM3 corn silage. In agreement, Oba and Allen (2000b) reported that cows fed BM3 
corn silage-based diets had lower iNDF intake compared to cows fed conventional corn 
silage-based diets. Consumption of less uNDF240om is associated with the greater 
DMI we observed in this study for cows fed the BM3 versus CON diets. Cows fed the 
BM3 diets had greater (P < 0.01) starch intake than cows fed the CON diets (7.3 vs. 6.0 
kg/d) because the starch content of the CON corn silage decreased over the course of 
the experiment.  
Milk production and composition measures are presented in Table 2.11. Milk 
yield and ECM were greater for cows fed the BM3 diets (P < 0.01 and P = 0.02, 
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respectively). With the greater feed intake and dietary starch content of the cows fed 
the BM3 diets, it is not surprising that they produced more milk than the cows fed the 
CON diets. Yield and concentration of milk fat and milk protein content were 
unaffected (P > 0.10) by corn silage or trace mineral. Similarly, Faulkner and Weiss 
(2017) reported no effect of trace mineral on milk fat and protein yield or concentration 
when feeding HTM versus STM.  There was a tendency for a corn silage-by-trace 
mineral interaction on milk protein yield (P = 0.08) and milk lactose yield (P = 0.10) 
and this was driven by differences in milk production. Milk lactose content had a 
tendency (P = 0.07) to be greater for the cows fed the BM3 diets (4.59 vs. 4.57 %) 
although this difference was slight. The de novo, mixed origin, and preformed fatty 
acids were unaffected (P > 0.10) by corn silage or trace minerals (Table 2.11.).  
Feed efficiency, when expressed as milk yield per DMI, was greater (P < 0.01) 
for the cows fed the BM3 diets compared to the cows fed the CON diet (1.68 vs. 1.63 
kg/kg). However, feed efficiency expressed as ECM per DMI was unaffected (P = 
0.43) by corn silage or trace minerals. This is in agreement with a similar study that 
compared BM3 versus CON corn silage and reported no difference in feed efficiency 
when expressed as ECM per DMI (Hassanat et al., 2017).  
2.4.3. Total-Tract Nutrient Digestibility 
Total-tract digestibility of DM, OM, aNDFom, pdNDF, and starch is presented 
in Table 2.12. The cows fed the BM3 diets had greater (P < 0.05) total tract 
digestibility of DM and OM than the cows fed the CON diets (72.8 vs. 71.1% of DM; 
74.1 vs. 72.3% of DM). Cows fed the BM3 diets digested more (P < 0.01) DM than the 
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cows fed the CON diets (20.4 vs. 19.6 kg/d). Cows fed the HTM diets digested more (P 
= 0.02) DM compared to the cows fed the STM diets (20.3 vs. 19.7 kg/d). The 
differences in DM digestibility can be explained by the difference in digestibility of the 
corn silage as the indigestible fraction was lower in BM3 corn silage compared to CON 
corn silage (Table 2.3.). In contrast, in similarly designed studies, there were no 
differences in total tract digestibility of DM and OM between cows fed diets with BM3 
or conventional corn silage (Oba and Allen, 2000c; Hassanat et al., 2017). But, for this 
study, corn silage was the main forage, making up 96% of the forage, whereas for the 
other trials corn silage content was 90% (Hassanat et al., 2017) and 81% (Oba and 
Allen, 2000c) of the forage. 
Oba and Allen (2000c) reported no effect of dietary NDF content for total tract 
digestibility of DM or OM. The low NDF diets had an average NDF content of 28.9% 
of DM and a starch concentration of 37.4% of DM compared to the higher NDF diets 
which had a NDF content of 37.9% and an average starch concentration of 26.5% of 
DM. This study by Oba and Allen (2000c) had even larger starch content differences 
than our study and saw no effect on total tract digestibility of DM, and so we believe 
the response in total tract DM or OM digestibility was more of an effect of fiber than 
the starch. 
Total tract digestibility of pdNDF was unaffected (P > 0.10) by corn silage or 
trace minerals. Cows fed the CON diets digested more pdNDF than the cows fed the 
BM3 diets (5.4 vs. 5.0 kg/d; P = 0.01). Also, the cows fed the HTM diets had a 
tendency to digest more pdNDF than the cows fed the STM diets (5.3 vs. 5.1 kg/d; P = 
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0.07). The digested aNDFom and pdNDF were very similar in amounts which is due to 
the fact that only the pdNDF within the aNDFom can be digested (Waldo et al., 1972).  
Cows fed the CON diets had greater (P < 0.01) total tract starch digestibility 
compared to the cows fed the BM3 diets (99.0 vs. 95.1% of DM). In agreement with 
our findings, Ferraretto and Shaver (2015) reported cows fed BM3 corn silage-based 
diets had lower total tract starch digestibility compared to cows fed conventional corn 
silage-based diets. The BM3 corn silage-based diets could have lower total tract starch 
digestibility due to faster passage rate or greater kernel vitreousness (Oba and Allen, 
2000c; Ferraretto and Shaver, 2015). Even with the greater total tract starch 
digestibility, the cows fed the CON diet had less digested starch than cows fed the BM3 
diets (6.0 vs. 6.9 kg/d; P < 0.01) due to a lower starch intake (Table 2.10.).   
Cows fed the HTM diets had a tendency (P = 0.10) for greater total tract 
digestibility of aNDFom than the cows fed STM diets (56.9 vs. 54.9 % of DM). Cows 
fed the CON diets digested (P = 0.01) more aNDFom than the cows fed the BM3 diets 
(5.4 vs. 5.1 kg/d). Cows fed the HTM digested more (P = 0.03) aNDFom compared to 
the cows fed the STM diets (5.4 vs. 5.1 kg/d). In agreement with our findings, Faulkner 
and Weiss (2017) reported greater total tract digestibility of aNDFom for cows fed diets 
with HTM compared to cows fed diets with STM in either forage- or by-product-based 
diets.  
There is little in the published literature to explain the effects of trace mineral 
source on fiber digestion (Martinez and Church, 1970). However, solubility does vary 
among different sources of trace minerals and can affect rumen fermentation by 
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harming cellulolytic bacteria or binding to fiber fractions (Faulkner et al., 2017; Torre 
et al., 1991). Rate of passage is affected by particle size, density, buoyancy, and 
entanglement of particles in the fiber digesta mat (Allen and Mertens, 1988; Kammes 
and Allen, 2012). If trace minerals bind with fiber fractions, this could slow the rate of 
digestion or interfere with microbial attachment, thereby altering the density and 
buoyancy of the particle, and potentially affecting the passage of undigested fiber from 
the rumen.  
Oba and Allen (1999b) reported that a one-unit increase in vivo total tract NDF 
digestibility of TMR was associated with a 0.42-kg increase in DMI. The 2.0% 
difference in total tract digestibility of aNDFom between the cows fed the HTM diets 
and STM diets would equate to a 0.84-kg increase in DMI which could explain the 0.6-
kg difference observed in DMI for cows fed these diets.  
2.4.4. Chewing Behaviors 
Chewing behaviors are presented in Table 2.13. Eating time expressed as 
minutes per day or minutes per kilogram of DMI was unaffected (P > 0.10) by corn 
silage or trace mineral. This was not surprising as the diets were very similar in particle 
size. There was a tendency for a corn silage-by-trace mineral interaction (P = 0.08) on 
rumination time, indicating that the difference among the trace minerals for rumination 
time was greater in BM3 diets. Cows fed the CON diets ruminated longer during the 
day, when expressed as minutes per kilogram of DMI, than the cows fed the BM3 diets 
(P < 0.01). Meal length was unaffected (P > 0.10) by corn silage or trace mineral. Meal 
bouts were unaffected (P > 0.10) by corn silage, but had a tendency for cows fed the 
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HTM diets to have more meal bouts per day than the cows fed the STM diets (11.7 vs. 
11.2 bouts/d; P = 0.06). To our knowledge, this is the first study to investigate the 
effect of trace mineral source on meal behavior, and more research is needed before the 
biological significance of this response is understood. 
In agreement with our findings, Oba and Allen (2000b) reported no difference in 
eating time either expressed as minutes per day or minutes per kilogram of DMI 
between cows fed either conventional or BM3 corn silage-based diets, but did find that 
cows fed the diets with BM3 corn silage had a tendency to ruminate less when 
expressed as minutes per kilogram of DMI than the cows fed the diets with CON corn 
silage. Forages with greater in vitro fiber digestibility breakdown more rapidly in the 
rumen and in theory would require less mastication to reach critical size to pass from 
the rumen. This presumably contributes to the greater passage rates observed for cows 
fed BM3 corn silage compared to conventional corn silage (Oba and Allen, 2000c). 
2.5. CONCLUSIONS 
This study evaluated the effect of source of corn silage (CON versus BM3) and 
source of trace minerals (STM versus HTM) on lactational performance, total tract 
fiber digestibility, and chewing behaviors of Holstein cows. Cows fed the BM3 diets 
had greater DMI and energy-corrected milk production than cows fed the CON diets. 
Source of trace mineral had an effect on DMI with the cows fed the HTM diets having 
greater DMI than the cows fed the STM diets. This difference in DMI between the 
HTM and STM diets can be partially accounted for by the difference in total tract 
digestibility of aNDFom. Cows fed the BM3 diets ruminated less than the cows fed the 
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CON diets. Corn silage with greater in vitro NDF digestibility, lower uNDF240om, and 
greater starch content allowed for improved DMI and milk production. Source of trace 
mineral and corn silage can influence DMI and total tract digestibility of aNDFom and 
should be taken into consideration when formulating diets for high producing dairy 
cows.  
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Table 2.1. Ingredient composition (% of DM) of diets containing either conventional 
corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace 
minerals (STM) or hydroxy trace minerals (HTM) fed to lactating Holstein cows.  
 Diets1 
 CON BM3 
Item STM HTM STM HTM 
Conventional corn silage  54.56 54.56 . . 
Brown mid-rib corn silage  . . 54.55 54.55 
Straw, chopped wheat 2.27 2.27 2.27 2.27 
Beet pulp, pelleted 6.82 6.82 6.82 6.82 
Corn meal 2.67 2.67 2.67 2.67 
Concentrate mix     
Soybean hulls 7.31 7.31 3.07 3.07 
Aminomax Pro2 6.59 6.59 5.27 5.27 
Soybean meal 5.30 5.30 6.67 6.67 
Corn meal 1.71 1.71 5.60 5.60 
Canola meal 2.69 2.69 4.02 4.02 
99% sugar 1.41 1.41 1.41 1.41 
Dried distillers grains 1.34 1.34 . . 
BergaFat3 1.21 1.21 1.21 1.21 
Calcium carbonate 1.10 1.11 1.10 1.11 
PGI Amino Enhancer2 0.86 0.86 1.17 1.17 
Molasses 0.82 0.82 0.82 0.82 
Sodium sesquicarbonate 0.73 0.73 0.73 0.73 
Potassium carbonate4 0.59 0.59 0.59 0.59 
Energizer Gold5 0.59 0.59 0.59 0.59 
Salt 0.38 0.38 0.38 0.38 
Urea 0.37 0.37 0.37 0.37 
Magnesium oxide 0.31 0.31 0.31 0.31 
Monodicalcium phosphate 0.12 0.12 0.12 0.12 
Selenium yeast 0.06%6 0.05 0.05 0.05 0.05 
Calcium chloride 0.04 0.04 0.04 0.04 
Vitamin E7 0.03 0.03 0.03 0.03 
Clarifly, 0.67%8 0.03 0.03 0.03 0.03 
Meta Smart9 0.02 0.02 0.04 0.04 
Vitamin E10 0.02 0.02 0.02 0.02 
Smartamine9 0.01 0.01 0.01 0.01 
Copper sulfate  0.004 . 0.004 . 
Manganese sulfate  0.012 . 0.012 . 
Zinc sulfate  0.017 . 0.017 . 
Hydroxy Copper11 . 0.002 . 0.002 
Hydroxy Zn11 . 0.009 . 0.009 
Hydroxy Mn11 . 0.011 . 0.011 
Vitamin A12 0.0003 0.0003 0.0003 0.0003 
82 
 
Vitamin D13 0.0002 0.0002 0.0002 0.0002 
Cobalt carbonate 0.0002 0.0002 0.0002 0.0002 
Potassium iodide 0.0001 0.0001 0.0001 0.0001 
Total 100 100 100 100 
1 Diets containing either conventional corn silage (CON) or brown midrib corn silage (BM3) with either 
sulfate trace minerals (STM) or hydroxy trace minerals (HTM). 
2 Poulin Grain; Newport, VT.  
3 Berg + Schmidt America, LLC; Libertyville, IL.  
4 DCAD Plus, Arm & Hammer Animal Nutrition, Ewing, NJ. 
5 IFFCO (Malaysia) SDN.BHD., Sharjah, United Arab Emirates. 
6 Co-operative Feed Dealers, Inc., Conklin, NY.  
7 Contained 500,000 IU vitamin E/kg % of DM. 
8 Central Garden and Pet Company, Schaumburg, IL. 
9 Adisseo USA, Inc.; Alpharetta, GA.  
10 Contained 8,816 IU vitamin E/kg % of DM. 
11 Intellibond C, Z, M, Intellibond; Micronutrients USA LLC, Indianapolis, IN.  
12 Contained 1,000,000 IU vitamin A/g % of DM. 







Table 2.2. Data (mean ± standard deviation) characterizing the analyzed chemical composition of feed ingredients fed to 





silage Straw Beet pulp Corn meal 
4-wk period composite samples, n 4 4 4 4 4 
DM2, % 30.6 ± 1.7 33.8 ± 1.2 88.5 ± 0.7 91.4 ± 0.5 86.3 ± 0.3 
CP, % of DM 7.4 ± 0.3 7.3 ± 0.1 4.3 ± 0.2 8.1 ± 0.2 8.0 ± 0.1 
Soluble protein, % of CP 57.8 ± 2.0 49.6 ± 5.1 36.7 ± 2.6 10.4 ± 2.5 14.1 ± 1.7 
Ammonia, % of CP 11.3 ± 5.1 12.5 ± 1.8 . . . 
ADF, % of DM 25.7 ± 3.0 22.4 ± 1.1 59.1 ± 2.2 30.8 ± 1.2 2.5 ± 0.2 
aNDFom3, % of DM 41.9 ± 2.8 39.1 ± 1.4 78.0 ± 2.3 33.9 ± 1.1 9.6 ± 1.0 
30-h aNDF digestibility, % of 
aNDFom 58.7 ± 1.5 68.4 ± 2.4 33.7 ± 0.6 . . 
Lignin, % of DM 3.0 ± 0.0 2.0 ± 0.1 11.1 ± 0.6 5.8 ± 0.1 0.9 ± 0.2 
Starch, % of DM 32.8 ± 4.1 36.0 ± 2.3 1.4 ± 1.7 0.5 ± 0.2 72.7 ± 0.5 
7-h starch digestibility, % of starch 81.2 ± 8.1 80.6 ± 7.7 . . 55.1 ± 3.2 
Sugar (ESC4), % of DM 0.6 ± 0.1 0.5 ± 0.2 0.9 ± 0.4 8.3 ± 0.7 2.0 ± 0.1 
Crude fat, % of DM 2.74 ± 0.20 3.27 ± 0.57 1.01 ± 0.17 1.14 ± 0.29 3.72 ± 0.02 
Ash, % of DM 3.8 ± 0.6 3.7 ± 0.2 7.7 ± 0.5 10.9 ± 1.0 1.3 ± 0.2 
Calcium, % of DM 0.36 ± 0.08 0.29 ± 0.04 0.17 ± 0.01 1.99 ± 0.1 0.02 ± 0.01 
Phosphorus, % of DM 0.24 ± 0.02 0.24 ± 0.02 0.07 ± 0.01 0.13 ± 0.01 0.29 ± 0.01 
Magnesium, % of DM 0.16 ± 0.02 0.16 ± 0.01 0.07 ± 0.01 0.29 ± 0.01 0.11 ± 0.01 
Potassium, % of DM 0.93 ± 0.15 0.96 ± 0.01 0.87 ± 0.10 0.31 ± 0.02 0.42 ± 0.01 
Sulfur, % of DM 0.10 ± 0.01 0.12 ± 0.01 0.08 ± 0.01 0.38 ± 0.02 0.1 ± 0.01 
Sodium, % of DM 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.00 0.05 ± 0.02 0.01 ± 0.01 
Chloride ion, % of DM 0.12 ± 0.03 0.15 ± 0.03 0.08 ± 0.05 0.01 ± 0.02 0.06 ± 0.01 
Iron, mg/kg 165 ± 61 132 ± 16 217 ± 92 1146 ± 72 29 ± 3 
Copper, mg/kg 4.5 ± 1.0 5.0 ± 0.0 3.0 ± 0.0 12.3 ± 1.0 2.5 ± 0.6 
Manganese, mg/kg 24.8 ± 3.6 19.5 ± 0.6 24.3 ± 6.7 104.3 ± 5.5 5.5 ± 0.6 
Zinc, mg/kg 22.8 ± 3.5 22.8 ± 3.0 10.5 ± 0.6 29.8 ± 3.6 22.3 ± 1.0 
Lactic acid, % of DM 4.6 ± 2.1 5.4 ± 1.0 . . . 







Propionic acid, % of DM 0.1 ± 0.1 0.3 ± 0.1 . . . 
Butyric acid, % of DM 0.0 ± 0.0 0.0 ± 0.0 . . . 
Total volatile fatty acids, % of DM 7.5 ± 3.1 8.9 ± 1.1 . . . 
pH 3.91 ± 0.02 3.96 ± 0.11 . . . 
1Conventional corn silage (CON) or brown midrib corn silage (BM3). 
2For dry matter analysis, n = 44 for CON and BM3 corn silage and straw; n = 8 for beet pulp and corn meal.  
3Amylase NDF on an organic matter (OM) basis. 





































silage Straw Beet pulp Corn meal 
4-wk period composite samples, n 4 4 4 4 4 
aNDFom2, % of DM 41.9 ± 2.8 39.1 ± 1.4 78.0 ± 2.3 33.9 ± 1.1 9.6 ± 1.0 
Undigested NDFom at 12 h, % of DM . . . 12.9 ± 4.8 7.7 ± 0.6 
Undigested NDFom at 30 h, % of DM 17.3 ± 1.6 12.3 ± 0.8 51.7 ± 1.4 . . 
Undigested NDFom at 72 h, % of DM . . . 6.2 ± 2.0 3.0 ± 0.4 
Undigested NDFom at 120 h, % of DM 11.4 ± 1.3 8.3 ± 0.6 39.9 ± 1.8 5.5 ± 1.8 2.2 ± 0.2 
Undigested NDFom at 240 h, % of DM 10.6 ± 0.7 7.8 ± 0.3 38.8 ± 0.9 . . 
Potentially digestible NDF3, % of aNDFom 74.8 ± 0.8 80.1 ± 1.0 50.2 ± 1.5 . . 
1Conventional corn silage (CON) or brown midrib corn silage (BM3). 
2Amylase NDF on an organic matter (om) basis. 
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Table 2.4. Data (mean ± standard deviation) characterizing the analyzed chemical composition of concentrate mixes fed to 
lactating Holstein cows. 
 Concentrate mix1 
 CON BM3 
Item STM HTM STM HTM 
4-wk period composite samples, n 4 4 4 4 
DM2, % 87.6 ± 0.3 87.6 ± 0.3 87.5 ± 0.4 87.4 ± 0.5 
CP, % of DM 30.0 ± 1.0 30.8 ± 0.5 32.0 ± 1.4 31.2 ± 0.8 
Soluble protein, % of CP 20.4 ± 1.9 22.4 ± 2.7 21.7 ± 3.7 19.8 ± 1.1 
ADF, % of DM 17.4 ± 0.5 17.2 ± 0.5 11.9 ± 0.2 11.6 ± 0.8 
aNDFom3, % of DM 26.9 ± 1.5 26.1 ± 1.5 19.1 ± 1.2 18.8 ± 0.8 
Lignin, % of DM 3.3 ± 0.3 3.2 ± 0.4 2.9 ± 0.2 3.1 ± 0.4 
Starch, % of DM 5.7 ± 0.4 6.0 ± 0.5 13.4 ± 0.8 13.4 ± 1.1 
7-h starch digestibility, % of starch 62.3 ± 21.8 65.0 ± 22.7 68.9 ± 16.3 67.7 ± 17.7 
Sugar (ESC4), % of DM 9.45 ± 0.66 9.25 ± 0.17 9.25 ± 0.6 8.80 ± 0.37 
Crude fat, % of DM 3.87 ± 1.03 3.73 ± 0.98 3.75 ± 0.87 3.92 ± 0.99 
Ash, % of DM 15.19 ± 0.54 15.01 ± 0.18 14.77 ± 0.76 14.25 ± 1.6 
Calcium, % of DM 2.40 ± 0.13 2.48 ± 0.11 2.29 ± 0.16 2.24 ± 0.30 
Phosphorus, % of DM 0.60 ± 0.01 0.62 ± 0.03 0.62 ± 0.02 0.60 ± 0.03 
Magnesium, % of DM 0.91 ± 0.12 0.98 ± 0.07 0.90 ± 0.09 0.86 ± 0.09 
Potassium, % of DM 2.50 ± 0.12 2.49 ± 0.05 2.39 ± 0.09 2.38 ± 0.10 
Sulfur, % of DM 0.45 ± 0.01 0.43 ± 0.02 0.46 ± 0.01 0.42 ± 0.01 
Sodium, % of DM 1.44 ± 0.14 1.43 ± 0.05 1.42 ± 0.11 1.33 ± 0.10 
Chloride ion, % of DM 0.96 ± 0.02 0.96 ± 0.04 0.98 ± 0.10 0.91 ± 0.03 
Iron, mg/kg 391.5 ± 27.7 402.5 ± 17.9 352.0 ± 30.9 350.3 ± 13.3 
Copper, mg/kg 41.8 ± 2.1 40.8 ± 2.2 39.8 ± 3.4 37.8 ± 2.4 
Manganese, mg/kg 116.5 ± 15.3 139.8 ± 2.5 123.3 ± 23.8 133.8 ± 14.8 
Zinc, mg/kg 254.5 ± 57.2 231.5 ± 10.8 273.0 ± 86.2 215.8 ± 18.5 
1Concentrate mixes for diets containing either conventional corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals 
(STM) or hydroxy trace minerals (HTM). 
2For dry matter analysis, n = 8 for concentrate mixes. 













































Table 2.5. Data (mean ± standard deviation) characterizing the fiber fractions of concentrate mixes fed to lactating Holstein 
cows. 
 Concentrate mix1 
 CON BM3 
Item STM HTM STM HTM 
4-wk period composite samples, n 4 4 4 4 
aNDFom2, % of DM 26.9 ± 1.5 26.1 ± 1.5 19.1 ± 1.2 18.8 ± 0.8 
Undigested NDFom at 12 h, % of DM 12.5 ± 1.4 12.8 ± 3.8 9.6 ± 1.6 9.3 ± 1.5 
Undigested NDFom at 72 h, % of DM 5.0 ± 0.4 5.1 ± 0.5 4.9 ± 0.5 4.7 ± 0.4 
Undigested NDFom at 120 h, % of DM 4.4 ± 0.4 4.5 ± 0.3 4.1 ± 0.3 4.2 ± 0.2 
1Concentrate mixes for diets containing either conventional corn silage (CON) or brown midrib corn silage (BM3) with either sulfate 
trace minerals (STM) or hydroxy trace minerals (HTM). 

























Table 2.6. Calculated diet composition based on chemical analysis of ingredients fed to lactating Holstein cows. 
 Diet1 
 CON BM3 
Item STM HTM STM HTM 
DM2, % 43.5 ± 2.03 43.7 ± 1.6 45.9 ± 1.2 46.4 ± 1.3 
CP, % of DM 15.0 ± 0.4 15.3 ± 0.3 15.6 ± 0.5 15.4 ± 0.2 
Soluble protein, % of CP 40.3 ± 1.9 41.0 ± 2.0 36.3 ± 4.0 35.6 ± 3.4 
ADF, % of DM 23.4 ± 1.8 23.3 ± 1.8 19.7 ± 0.7 19.6 ± 0.9 
aNDFom4, % of DM 36.3 ± 2.1 36.0 ± 2.1 32.1 ± 0.9 32.0 ± 0.9 
Lignin, % of DM 3.4 ± 0.1 3.4 ± 0.1 2.7 ± 0.1 2.8 ± 0.1 
Starch, % of DM 21.8 ± 2.4 21.9 ± 2.4 26.2 ± 1.3 26.1 ± 1.2 
Sugar (ESC5), % of DM 4.1 ± 0.3 4.1 ± 0.1 4.0 ± 0.3 3.9 ± 0.2 
Crude fat, % of DM 3.0 ± 0.4 3.0 ± 0.4 3.2 ± 0.6 3.3 ± 0.5 
Ash, % of DM 8.12 ± 0.33 8.06 ± 0.43 7.91 ± 0.28 7.74 ± 0.62 
Calcium, % of DM 1.14 ± 0.07 1.17 ± 0.02 1.07 ± 0.05 1.05 ± 0.10 
Phosphorus, % of DM 0.35 ± 0.01 0.36 ± 0.0 0.36 ± 0.01 0.35 ± 0.01 
Magnesium, % of DM 0.41 ± 0.04 0.44 ± 0.02 0.41 ± 0.03 0.40 ± 0.03 
Potassium, % of DM 1.40 ± 0.11 1.40 ± 0.10 1.38 ± 0.03 1.38 ± 0.03 
Sulfur, % of DM 0.23 ± 0.01 0.23 ± 0.01 0.25 ± 0.01 0.23 ± 0.01 
Sodium, % of DM 0.49 ± 0.05 0.49 ± 0.02 0.49 ± 0.04 0.46 ± 0.03 
Chloride ion, % of DM 0.39 ± 0.01 0.39 ± 0.02 0.41 ± 0.05 0.39 ± 0.02 
Iron, mg/kg of DM 306 ± 33 310 ± 36 275 ± 14 274 ± 14 
Copper, mg/kg of DM 18 ± 0.7 17 ± 1.1 17 ± 1.2 16 ± 0.8 
Manganese, mg/kg of DM 61 ± 4 68 ± 2 60 ± 8 64 ± 5 
Zinc, mg/kg of DM 101 ± 20 93 ± 3 107 ± 30 88 ± 6 
1Diets containing either conventional corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy trace 
minerals (HTM). 
2Diets were analyzed for dry matter at 105°C; n = 44 for each diet. For all other analyses, n = 4. 
3Mean ± standard deviation. 
4Amylase NDF on an organic matter (OM) basis. 












Table 2.7. Data (mean ± standard deviation) characterizing the fiber fractions of diets containing either conventional corn 
silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy trace minerals (HTM) 
fed to lactating Holstein cows. 
 Diets1 
 CON BM3 
Item STM HTM STM HTM 
4-wk period composite samples, n 4 4 4 4 
aNDFom2, % of DM 36.3 ± 2.1 36.0 ± 2.1 32.1 ± 0.9 32.0 ± 0.9 
30-h aNDF digestibility, % of aNDFom 56.0 ± 2.4 55.3 ± 4.4 61.9 ± 2.1 62.0 ± 2.0 
Undigested NDFom at 30 h, % of DM 15.9 ± 0.2 16.0 ± 0.8 12.2 ± 0.5 12.1 ± 0.4 
Undigested NDFom at 120 h, % of DM 9.3 ± 0.5 9.4 ± 0.6 7.6 ± 0.2  7.5 ± 0.3 
Undigested NDFom at 240 h, % of DM 8.6 ± 0.3 8.6 ± 0.4 6.9 ± 0.2 6.9 ± 0.1 
Potentially digestible NDF3, % of aNDFom 76.3 ± 1.0 76.1 ± 0.9 78.4 ± 0.5 78.2 ± 0.6 
1Diets containing either conventional corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy trace 
minerals (HTM). 
2aNDFom = amylase NDF on an organic matter (om) basis. 
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Table 2.8. Analyzed concentrations of supplemental and dietary copper, manganese, and zinc in diets fed to lactating Holstein 
cows.  
 Diet1 
 CON BM3 
Item STM HTM STM HTM 
Supplemental minerals concentration2, mg/kg of 
DM     
  Copper 10.6 10.5 9.2 8.9 
  Manganese 41.5 41.2 41.2 39.6 
  Zinc 64.3 63.8 63.2 60.8 
Total dietary concentrations      
  Copper 17.5 17.1 17.1 16.4 
  Manganese 60.5 68.4 59.9 63.5 
  Zinc 100.9 93.2 107.2 87.9 
Total dietary mineral, mg/d     
  Copper 493 469 468 458 
  Manganese 1671 1877 1650 1830 
  Zinc 2767 2567 2943 2517 
Supplemental mineral, % of total dietary mineral     
  Copper 60.6 61.6 53.9 54.0 
  Manganese 68.6 60.3 68.8 62.4 
  Zinc 63.7 68.5 58.9 69.1 
1Diets containing either conventional corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy trace 
minerals (HTM). 














Table 2.9. Particle size distribution of the diets1 containing either conventional corn silage (CON) or brown midrib corn silage 
(BM3) with either sulfate trace minerals (STM) or hydroxy trace minerals (HTM) fed to lactating Holstein cows. 
 Diet2 
 CON BM3 
Item STM HTM STM HTM 
Particle size, % of DM  
>19.00 mm 0.0 ± 0.03 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.1 
13.20 to 19.00 mm 0.3 ± 0.2 0.1 ± 0.1 1.0 ± 0.8 1.7 ± 1.1 
9.50 to 13.20 mm 1.6 ± 0.3 2.1 ± 0.8 4.4 ± 0.8 4.2 ± 1.0 
6.70 to 9.50 mm 12.1 ± 1.5 11.1 ± 2.0 16.0 ± 2.6 16.5 ± 2.0 
4.75 to 6.70 mm 12.2 ± 0.2 11.7 ± 0.1 12.8 ± 0.8 12.4 ± 0.5 
3.35 to 4.75 mm 14.3 ± 0.7 13.7 ± 0.2 10.5 ± 0.9 11.0 ± 0.8 
2.36 to 3.35 mm 10.6 ± 0.4 10.4 ± 0.4 8.2 ± 0.8 7.9 ± 0.6 
1.18 to 2.36 mm 16.1 ± 0.4 16.2 ± 0.9 15.3 ± 1.4 15.1 ± 1.3 
0.60 to 1.18 mm 17.2 ± 0.9 18.5 ± 1.2 15.8 ± 1.5 15.3 ± 1.8 
0.30 to 0.60 mm 11.2 ± 1.2 11.9 ± 1.2 11.1 ± 0.9 10.9 ± 0.3 
<0.30 mm 4.3 ± 0.9 4.2 ± 0.8 4.8 ± 0.6 4.9 ± 0.5 
pef4 0.67 ± 0.02 0.66 ± 0.02 0.68 ± 0.02 0.69 ± 0.02 
peNDF,% of DM 24.3 23.8 21.8 22.1 
1Number of samples = 4. 
2Diets containing either conventional corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy trace 
minerals (HTM). 
3Mean ± standard deviation. 
4pef = physically effectiveness factor, % of DM ≥1.18 mm; based on assumptions in Mertens (1997). 













Table 2.10. Least squares means of intake and body weight data from lactating Holstein cows (n = 14) fed a diet containing 
either conventional corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy 
trace minerals (HTM). 
 Diet1     
 CON BM3  P-value 





(TM) CS x TM 
DMI, kg/d 27.4 27.6 27.5 28.6 0.6 0.02 0.01 0.11 
DMI, % of BW/d 4.12 4.16 4.18 4.30 0.09 <0.01 0.01 0.26 
BW, kg 667 665 660 666 7 0.37 0.55 0.21 
Body condition score 2.79 2.76 2.84 2.79 0.08 0.22 0.21 0.88 
aNDFom2 intake, kg/d 9.93 9.96 8.82 9.15 0.20 <0.01 0.11 0.20 
uNDF240om3 intake, kg/d 2.35 2.37 1.91 1.99 0.05 <0.01 <0.01 0.09 
pdNDF4 intake, kg/d 7.58 7.59 6.91 7.16 0.16 <0.01 0.19 0.26 
Starch intake, kg/d 5.99 6.02 7.22 7.45 0.17 <0.01 0.21 0.38 
1Diets containing either conventional corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy trace 
minerals (HTM). 
2aNDFom = amylase-modified neutral detergent fiber (NDF) on an organic matter (OM) basis. 
3uNDF240om = undigested NDF at 240 h of in vitro fermentation. 




















Table 2.11. Least squares means of lactation performance data from lactating Holstein cows (n = 14) fed a diet containing 
either conventional corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy 
trace minerals (HTM). 
 Diet1     
 CON BM3  P-value 




(TM) CS x TM 
Milk, kg/d 44.8 44.6 46.2 47.7 1.1 <0.01 0.21 0.12 
ECM, kg/d 46.4 45.9 46.9 48.2 1.2 0.02 0.47 0.17 
Fat, % 3.84 3.92 3.88 3.79 0.11 0.45 0.94 0.17 
Fat, kg/d 1.69 1.68 1.69 1.73 0.06 0.29 0.55 0.49 
True protein, % 2.94 2.91 2.94 2.92 0.06 0.97 0.14 0.80 
True protein, kg/d 1.29 1.25 1.29 1.33 0.04 0.08 0.89 0.07 
Lactose, % 4.56 4.59 4.59 4.59 0.05 0.07 0.14 0.21 
Lactose, kg/d 2.02 1.99 2.01 2.12 0.07 0.10 0.32 0.10 
Solids nonfat, % 8.61 8.60 8.63 8.61 0.09 0.43 0.43 0.68 
Solids nonfat, kg/d 3.79 3.71 3.78 3.96 0.11 0.10 0.49 0.09 
Urea nitrogen, mg/dL 7.44 7.95 7.82 7.57 0.68 0.99 0.67 0.24 
Somatic cell score -4.41 -4.32 -4.67 -4.32 1.00 0.74 0.57 0.75 
Somatic cell count, 1000 cells/mL 20.4 23.4 16.5 20.8 6.2 - - - 
De novo FA2, g/100 g milk 0.94 0.95 0.95 0.93 0.03 0.59 0.63 0.24 
Mixed origin FA, g/100 g milk 1.45 1.50 1.45 1.43 0.05 0.16 0.74 0.17 
Preformed FA, g/100 g milk 1.28 1.30 1.30 1.26 0.05 0.75 0.57 0.24 
Unsaturation, double bonds/FA 0.25 0.24 0.25 0.26 0.01 0.02 0.72 0.09 
Milk/DMI 1.63 1.62 1.68 1.67 0.05 <0.01 0.22 0.80 
ECM/DMI 1.69 1.66 1.70 1.69 0.03 0.43 0.21 0.76 












Table 2.12. Total tract digestibility data of lactating Holstein cows (n = 14) fed a diet containing either conventional corn 
silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy trace minerals (HTM). 
 Diet1     
 CON BM3  P-value 




mineral (TM) CS x TM 
DM, % 70.8 71.3 72.8 72.8 0.7 0.02 0.75 0.72 
Digested DM, kg/d 19.4 19.7 20.0 20.8 0.4 <0.01 0.02 0.38 
OM, % 72.1 72.5 74.2 74.0 0.7 0.01 0.88 0.71 
Digested OM, kg/d 18.1 18.4 18.8 19.5 0.4 <0.01 0.02 0.34 
aNDFom3, % 54.4 55.5 55.4 58.2 1.2 0.12 0.10 0.52 
Digested aNDFom, kg/d 5.37 5.52 4.88 5.32 0.15 0.01 0.03 0.29 
pdNDF4, % 70.7 71.7 70.4 72.7 1.4 0.80 0.20 0.65 
Digested pdNDF, kg/d 5.33 5.44 4.85 5.21 0.15 <0.01 0.07 0.35 
Starch, % 99.0 99.1 95.0 95.2 0.2 <0.01 0.48 0.90 
Digested starch, kg/d 5.93 5.97 6.86 7.09 0.17 <0.01 0.19 0.39 
1Diets containing either conventional corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy trace 
minerals (HTM). 
2Values are ash-corrected. 
3aNDFom = amylase-modified neutral detergent fiber on an OM basis. 



















Table 2.13. Least squares means of behavior data of lactating Holstein cows (n = 14) fed a diet containing either conventional 
corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy trace minerals 
(HTM). 
 Diet1     
 CON BM3  P-value 




mineral (TM) CS x TM 
Eating time, min/d 292 296 297 300 12 0.42 0.49 0.98 
Eating time per DMI, min/kg 10.8 10.7 10.8 10.5 0.5 0.74 0.55 0.62 
Rumination time, min/d 527 521 488 504 16 <0.01 0.39 0.08 
Rumination time per DMI, min/kg 19.4 18.9 17.8 17.7 0.7 <0.01 0.26 0.38 
Meal length, min/meal 30.8 30.1 32.2 30.9 1.9 0.24 0.32 0.76 
Meal bout, bouts/d 11.2 12.0 11.2 11.4 0.4 0.28 0.06 0.35 
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The effects of source of corn silage and trace mineral on rumen fermentation, 
turnover, and particle passage rates were evaluated with eight ruminally cannulated 
Holstein cows averaging 83 (SE = 5) days in milk in a replicated 4 x 4 Latin square 
design with a 2 x 2 factorial arrangement of treatments and 28-d periods. The diets 
consisted (dry basis) of 55% conventional (CON) or brown midrib-3 (BM3) corn 
silage, 2% chopped wheat straw, and 43% grain mix with either sulfate (STM) or 
hydroxy (HTM) source of copper, zinc, and manganese trace minerals. The targeted 
supplemental amount of copper, zinc, and manganese was 194, 1,657, and 687 mg/d, 
respectively. The dietary treatments were: 1) CON-STM, 2) CON-HTM, 3) BM3-STM, 
and 4) BM3-HTM. Dietary nutrient composition of BM3 diets averaged 32.1% amylase 
neutral detergent fiber on an organic matter basis (aNDFom) and 6.9% undigested 
neutral detergent fiber at 240 h of in vitro fermentation [uNDF240om; % of dry matter 
(DM)], and CON diets averaged 36.2% aNDFom and 8.6% uNDF240om (% of DM). 
Data were summarized by period and analyzed as a replicated Latin square design with 
fixed model effects for corn silage, trace mineral, corn silage and trace mineral 
interaction, period within replicated square, and replicated square using the MIXED 
procedure of SAS (version 9.4). Cow within replicate was a random effect. Daily mean, 
standard deviation, minimum, and maximum for rumen pH were unaffected by corn 
silage or trace mineral source. Cows fed the CON diets had greater rumen acetate 
percentage than cows fed the BM3 diets (65.7 vs. 64.7 molar %). In contrast, cows fed 




(21.4 vs. 20.4 molar %). Total VFA concentration was lower for cows fed STM vs. 
HTM in BM3 diets, but not for the cows fed the CON diets. Cows fed the BM3 diets 
had faster turnover rate and shorter turnover time for uNDF240om than cows fed the 
CON diets (3.12 vs. 2.86%/h and 33.3 vs. 36.5 h, respectively). Cows fed the BM3 
diets had a faster passage rate of small and medium sized corn silage NDF particles 
than cows fed the CON diets (5.73 vs. 5.37%/h and 4.74 vs. 4.31%/h, respectively). 
There was a corn silage by source of trace mineral interaction on organic matter (OM) 
and uNDF240om rumen pool size and OM turnover. Overall, source of corn silage had 
a pronounced influence on rumen dynamics presumably related to greater in vitro NDF 
digestibility and lower uNDF240om content of BM3 corn silage that allowed for faster 
turnover of indigestible NDF and greater passage rate of corn silage particles. In 
contrast, the source of trace mineral had much less significant effects on rumen 
fermentation, turnover, and particle passage rates. Corn silage-based diets intended to 
enhance rumen fiber fermentation, turnover, and passage are more affected by source 
and digestibility of NDF than source of dietary trace minerals. 











Forages are the major feedstuff that provides fiber for dairy cows and both 
physical and chemical characteristics will impact rumen fermentation, digestibility, and 
energy value (Allen and Mertens, 1988). Corn silage provides digestible and physically 
effective fiber, as well as starch, which has led to increased inclusion of this forage in 
dairy cow diets (Hassanat et al., 2017). In fact, corn silage is the most commonly fed 
forage in the US and its production has increased over 30% since the 1980s (Grant and 
Adesogan, 2018). 
Brown midrib (BMR) corn silage has a gene mutation, either brown midrib-1 or 
brown midrib-3, that reduces the lignin content and enhances NDF digestibility 
(NDFD) compared with non-BMR hybrids (Oba and Allen, 1999; Hassanat et al., 
2017). In a corn silage hybrid study replicated over three years, brown midrib-3 hybrids 
had greater NDF digestibility, lower indigestible NDF (iNDF), and higher potentially 
digestible NDF (pdNDF; NDF - iNDF) than either brown midrib-1 or non-BMR 
hybrids (Miller et al., 2018). In previous studies, lactating cows fed brown midrib-3 
corn silage had lower rumen fill and greater DMI than cows fed diets with conventional 
corn silage due to a lower iNDF fraction and greater fiber passage rates from the rumen 
for brown midrib-3 corn silage (Oba and Allen, 1999; 2000a; and 2000b; Hassanat et 
al., 2017). Undigested NDF residue on an OM basis (uNDF240om) is a laboratory 
measure of iNDF and has been related to NDF digestion and passage kinetics, gut fill 
and intake, and physical effectiveness of fiber (Nousiainen et al., 2003; Cotanch et al., 




In contrast to corn silage, relatively little research has focused on the role of trace 
mineral source on rumen fiber fermentability, turnover, and DMI. Rumen 
microorganisms require some trace minerals for proper function although the release of 
free metal from the mineral in the rumen could reduce its bioavailability to the cow. 
Different sources of trace minerals have varying stabilities in the rumen and may affect 
rumen fermentation. Importantly, hydroxy trace minerals are less soluble in the rumen 
compared to sulfate sources (Torre et al., 1991; Cao et al., 2000; Spears et al., 2004; 
Genther and Hansen, 2015; Caldera et al., 2019). Faulkner and Weiss (2017) reported 
that feeding sulfate sources of Cu, Mn, and Zn minerals decreased total tract NDF 
digestibility compared to hydroxy Cu, Mn, and Zn minerals in forage- and by-product-
based dairy cattle diets. Feeding dairy heifers organic trace minerals of Cu, Zn, Mn, Se, 
and Co resulted in lower rumen pH and greater total VFA concentrations compared to 
dairy heifers fed sulfate trace minerals (Pino and Heinrichs, 2016). Taken together, 
these results suggest that source of trace mineral affects rumen fermentation. 
However, to-date no study has assessed the interaction between source of forage 
fiber and the source of trace minerals on rumen fermentation, turnover, and particle 
passage rates in diets fed to lactating dairy cows. Therefore, the objective of this study 
was to evaluate the effect of source of corn silage (brown midrib-3 or conventional) and 
source of trace minerals (hydroxy or sulfate) on rumen characteristics and particle 
passage rate in lactating Holstein cows. Our hypothesis was that brown midrib-3 corn 
silage would positively affect rumen fermentation and fiber turnover characteristics, 




turnover characteristics with this negative effect being greater in diets containing 
conventional corn silage.  
3.3. MATERIALS AND METHODS 
3.3.1. Experimental Design, Diets, and Management of Cows 
This paper is a companion study to Miller et al. (2020), and focuses on rumen 
characteristics and particle passage rate using a subset of 8 ruminally cannulated, 
multiparous cows.  
All experimental procedures involving animals were approved by the William H. 
Miner Agricultural Research Institute Animal Care and Use Committee. The study was 
conducted at the William H. Miner Agricultural Research Institute (Chazy, NY) in the 
Charles J. Sniffen Dairy Research and Education Complex. Eight ruminally cannulated, 
multiparous lactating Holstein cows averaging 83 ± 5 (standard error) DIM at the 
beginning of the experiment were blocked by cannulation status, DIM, and milk 
production and were used in a replicated 4 x 4 Latin square design with a 2 x 2 factorial 
arrangement of treatments. The study had 28-d periods. Each square was conducted 
concurrently, with the first 17 d serving as an adaption period, and the last 11 d serving 
as the collection period. Cows were enrolled on the study 14 d before period 1 began 
and were fed a TMR with no supplemental trace minerals or monensin (Elanco Animal 
Health, Greenfield, IN).  
Dietary treatments (Table 1) were formulated to contain either conventional 
(CON; Doebler 554GRQ; Doebler’s PA Hybrids, Williamsport, PA) or brown midrib-3 




either a sulfate (STM) source of Cu, Zn, and Mn or a hydroxy source of trace minerals 
(HTM; IntelliBond C, Z, and M; Micronutrients USA LLC, Indianapolis, IN). The diets 
were formulated to contain 54.5% (DM basis) of either BM3 or CON corn silage so 
that the differences in fiber fractions among the diets were determined primarily by the 
source of corn silage. The targeted supplemental amount of copper, zinc, and 
manganese was 194, 1,657, and 687 mg/d, respectively. The four dietary treatments 
were: 1) CON silage and sulfate trace minerals (CON-STM), 2) CON silage and 
hydroxy trace minerals (CON-HTM), 3) BM3 silage and sulfate trace minerals (BM3-
STM), and 4) BM3 silage and hydroxy trace minerals (BM3-HTM). Diets were 
formulated using Cornell Net Carbohydrate Protein System biology 
(AMTS.Cattle.Professional, Agricultural Modeling & Training systems, LLC, Groton, 
NY; version 4.8). Inputs used for diet formulation included 29.9 kg/d DMI, 54 kg/d 
milk with 3.60% fat and 3.05% true protein, and 750 kg of BW. Cows were fed the 
diets as TMR for ad libitum intake (approximately 1.15  expected intake) once daily 
(fed at 1400 h; Calan Data Ranger, American Calan, Inc., Northwood, NH) in a tie-stall 
barn equipped with individual feed boxes. 
3.3.2. Data Collection, Sample Procedures, and Analytical Methods 
Forages, diets, and orts were collected 3 times per week during d 1 to 17 and 
daily for d 18 to 28. Grain mixes were collected once per week during d 1 to 17 and 
daily from d 18 to 28. A portion of each sample was dried in a forced-air oven at 105C 




the feed ingredients when a feed ingredient DM value was outside the range of the DM 
mean ± 1.2 standard deviations or a new feed ingredient source was used or delivered.  
Starting on d 18 of each period, a portion of the feed ingredients, diets, and orts 
collected daily was stored frozen at -20C, and then was composited by period by 
combining equal volumes of the daily as-fed samples. The composites of feed 
ingredients were analyzed for chemical composition (CPM Plus; Cumberland Valley 
Analytical Services, Inc., Waynesboro, PA). Analyses included DM, ash (method 
942.05; AOAC, 2012), OM (method 942.05; AOAC, 2012), CP (method 990.03; 
AOAC, 2012), soluble protein according to Krishnamoorthy et al. (1982), fat (method 
2003.05; AOAC, 2012), acid detergent fiber (ADF; method 973.18; AOAC, 2012), 
NDF using α-amylase, sodium sulfite, and ash-corrected (Van Soest et al., 1991), acid 
detergent lignin (ADL; Goering and Van Soest, 1970), starch according to Hall (2009), 
sugar as ethanol soluble carbohydrates according to Dubois et al. (1956), and minerals 
(method 985.01; AOAC, 2012). 
Fiber characteristics and NDF digestibility at 30 h (NDFD at 30 h) were 
determined on the forage and grain composite samples (Cumberland Valley Analytical 
Services, Inc., Waynesboro, PA). Undigested NDF at 30-, 120- and 240-h time points 
(uNDF30om, uNDF120om, uNDF240om, respectively) for forages and uNDF at 12-, 
72-, and 120-h time points (uNDF12om, uNDF72om, and uNDF120om) for grains 
were assessed using an in vitro rumen fermentation system (Raffrenato et al., 2018; 
Cumberland Valley Analytical Services, Inc., Waynesboro, PA). Starch digestibility at 




determined on the period composite samples of corn silage and grain mixes. A portion 
of the forage and diet composite samples were used to determine particle size 
distribution on an as-fed basis using a Penn State Particle Separator (Lammers et al., 
1996) modified to include a 4-mm screen. A portion of the period composite for forage 
and grain mixes was also used to determine particle size distribution on a DM basis 
(55C) by dry vertical sieving (Ro-Tap testing sieve shaker model B; W. S. Tyler 
Combustion Engineering, Inc., Mentor, OH). The physical effectiveness factor (pef) 
was defined as the fraction of particles retained on the 1.18-mm screen or greater (for 
dry sieving) or the 4.0-mm screen and greater (for as-fed sieving). Physically effective 
NDF (peNDF) of a forage or diet was calculated as the product of its NDF content and 
its pef (Mertens, 1997).  
Rumen pH was measured in ruminally cannulated cows (n = 8) with an 
indwelling rumen pH/ORP/REDOX measurement system (Penner et al., 2006; LRCpH; 
Dascor, Escondido, CA) at 1-min intervals for a 96-h period starting on d 23 of each 
period. Rumen pH measurements were averaged over a 10-min period within day and 
summarized as mean pH, minimum pH, maximum pH, pH range, the area that the pH 
curve was below a pH of 5.8 (AUC), and minutes per day that pH was below 5.5 or 5.8 
(Beauchemin and Yang, 2005). 
Samples of rumen fluid (approximately 500 mL) were collected from beneath the 
rumen digesta mat at 4-h intervals for 24 h starting at the beginning of d 26 of each 
period. Cows were sampled based on their square assignment. Feeding and the 




for collection of samples at desired times. Samples were strained through 4 layers of 
cheesecloth. A portion of each sample of rumen fluid (approximately 40 mL) was 
frozen and stored at -20°C until analysis for volatile fatty acid (VFA) concentration 
(Bulletin 856B; Supelco, Inc., Bellefonte, PA). Volatile fatty acid concentration was 
determined by gas chromatography with use of a Varian CP-3800 gas chromatograph 
(Varian, Inc., Palo Alto, CA) equipped with a flame-ionization detector and an 80/120 
Carbopack B-DA/4% Carbowax 20M column (Supelco, Inc., Bellefonte, PA). Ten mL 
of rumen fluid were added to 100 μL of concentrated HCl and frozen at -20°C until 
analysis of rumen NH3-N concentration (Chaney and Marbach, 1962).  
Rumen contents of cows (n = 8) were evacuated manually through the rumen 
cannula after daily feeding on d 27 and at the end of d 28. To ensure that cows 
experienced the same interval of time between rumen evacuations, cows were divided 
into two groups of four cows each based on square. The first group was evacuated 3.5 h 
after feeding on d 27 (1730 h) and 20.5 h after feeding on d 28 (1030 h). The second 
group of cows were evacuated 4.5 h after feeding on d 27 (1830 h) and 19.5 h after 
feeding on d 28 (0930 h). The mass and volume of rumen contents were determined. 
During the evacuation, approximately 10% of the rumen contents were subsampled and 
squeezed through a nylon screen (1-mm pore size) to separate solid and liquid phases 
and each phase was weighed. Aliquots (approximately 300 g) from both the solid and 
liquid phases were collected, frozen at -20°C, dried at 55°C, ground (solids: 1-mm 
screen; Wiley mill; Arthur H. Thomas, Philadelphia, PA; liquid: 2-mm screen, UDY 




proportion of DM of each phase. The recombined rumen contents were analyzed for 
ash (modified method 942.05; AOAC, 2012; 4 h at 600°C), aNDFom (as described 
previously), uNDF240om, and starch (Raffrenato et al., 2018; Hall, 2009; Cumberland 
Valley Analytical Services, Inc., Waynesboro, PA). The remaining rumen contents 
were returned to the cow within 60 min of initiating the evacuation. 
Rumen pool size of OM, NDF, uNDF240om, and starch was calculated as the 
product of the DM mass of the rumen contents and the nutrient content of the rumen 
contents. Rumen turnover rate (%/h) of OM, NDF, uNDF240om, and starch was 
calculated as [100  (intake of nutrient/rumen pool of nutrient)/24] (Voelker and Allen, 
2008). Nutrient intake was calculated using DMI from d 27 and 28 and the nutrient 
content of the diets from d 18 to 28. Rumen turnover time (h) was calculated as 
1/(rumen turnover rate (%/h)/100). 
Rates of passage of liquid, small, medium, and large particles were determined by 
chemical marker. Prior to start of the study, approximately 150 kg of conventional and 
brown midrib-3 corn silages were collected and dried in a forced air oven at 55°C for 
24 h. Dry silages were hand shaken through a 3.2-mm screen to separate the large and 
small particles. The dry silages that did not pass the 3.2-mm screen were soaked in a 
barrel of tap water, approximately 2 kg at a time, and all floating particles were 
skimmed off the top and retained, with the kernels of starch sinking to the bottom and 
were not retained. The fibrous fraction was skimmed from the barrel and the silage 
particles that passed a 3.2-mm screen were boiled in a solution of 3% sodium lauryl 




the fibrous silage particles were placed in fine mesh bags and rinsed with warm tap 
water in a washing machine on rinse and spin cycles for 6 to 8 times. This material was 
dried in a forced air oven for 24 h at 55oC, and separated by dry vertical sieving (Ro-
Tap testing sieve shaker model B; W. S. Tyler Combustion Engineering, Inc., Mentor, 
OH) with 19.00-, 13.20-, 9.50-, 6.70-, 4.75-, 3.35-, 2.36-, 1.18-, 0.60-, and 0.30-mm 
sieves for 5 min. Particle sizes were classified according to Mertens (2005), whereby 
particles passing through the 1.18-mm screen but retained on the 0.30-mm screen were 
labeled small particles, particles retained on the 1.18-mm screen but passing through 
the 4.75-mm screen were combined and labeled medium particles, and all particles 
retained on the 4.75- to 19.00-mm screens were combined and labeled as large 
particles. Particles passing through the 0.30-mm screen were discarded. Small, 
medium, and large particles of conventional and brown midrib-3 corn silage NDF were 
soaked in rare earth acetates of Sm, Yb, and Pr, respectively, at a concentration of 50 
mg of rare earth to 1000 mg of corn silage NDF particles for 48 h according to the 
methods of Ellis and Beever (1984), with the exception that a solution of 0.1 M acetic 
acid was used to rinse particles for 3 h after marking with the rare earth acetate.  
Cows were dosed with 310 g of the appropriate large and medium silage NDF 
particles, and 100 g of small conventional or brown midrib-3 corn silage NDF, 
depending on the source of corn silage in the treatment diet, at time of fresh feed 
delivery on d 18. All particles were combined, hydrated with tap water to achieve 
approximately 50% DM, mixed with 3 L of as-fed TMR, and offered to the cows prior 




administered through the rumen cannula and mixed with the top mat of rumen contents. 
Additionally, a Na Co-EDTA solution was prepared according to Udén et al. (1980) for 
determination of liquid passage rate. Twenty g of Na Co-EDTA were dissolved in 500 
mL of reverse osmosis-treated H2O and pulse dosed into the rumen before feeding on d 
18.   
Fecal samples were collected from the rectum at 0, 3, 6, 9, 12, 18, 24, 30, 36, 42, 
48, 60, 72, 84, 96, 120, 144, and 168 h after dosing. Fecal samples were dried at 55oC 
for 48 h, ground (1-mm screen; Wiley Mill, Arthur H. Thomas, Philadelphia, PA), and 
analyzed using inductively-coupled plasma atomic emission spectroscopy (Cornell 
College of Agriculture and Life Sciences Nutrient Analysis Lab, Ithaca, NY). Solid and 
liquid passage rates were calculated according to Grovum and Williams (1973) using 
the lm function of R version 3.5.2. (R Core Team, 2014). 
3.3.3. Statistical Analysis 
Repeated measurements of performance data from the collection period (i.e., 
rumen pH, rumen VFA, rumen digestion kinetics, and passage rate) were reduced to 
period means for each cow before statistical analysis. Data with a normal distribution 
(rumen pH, rumen VFA, rumen digestion kinetics, and passage rate) were analyzed as a 
replicated Latin square design (Latin rectangle) with fixed effects of corn silage, trace 
mineral, corn silage and trace mineral interaction, period within replicated square, and 
replicated square using the MIXED procedure of SAS (Statistical Analysis System, 




Data that followed a non-normal distribution (i.e., pH range, AUC < 5.8, pH < 
5.8, pH < 5.5, propionate concentration, starch turnover rate, particle passage rate, and 
mean retention time of large particles) were analyzed using an alternative distribution 
(negative binomial with log link function) that optimized the Chi-square statistic using 
the GLIMMIX procedure of SAS.  Data were analyzed as a replicated Latin square 
design (Latin rectangle) with fixed effects of corn silage, trace mineral, corn silage and 
trace mineral interaction, period within replicated square, and replicated square. Cow 
within replicate was a random effect. Data from this analysis are reported based on the 
mean using the ilink function. 
Least squares means were separated using the Tukey’s procedure for MIXED and 
GLIMMIX procedure when a significant F-test (P  0.05) was detected. Significance 
was declared at P  0.05 and trends at 0.05 < P  0.10. 
3.4. RESULTS AND DISCUSSION 
3.4.1. Dietary and Ingredient Nutrient Composition 
The dietary ingredient and nutrient composition are discussed thoroughly in 
Miller et al. (2020) and will be briefly described here. The NDF content averaged 41.9 
and 39.1% for CON and BM3 corn silage, respectively (Table 3.2. and 3.3.). The CON 
corn silage had an unexpected change in starch content during periods 3 and 4 
compared to periods 1 and 2 of the study (29.6 vs. 35.6% of DM), and consequently 
starch content was lower for CON than the BM3 corn silage (32.8 vs. 36.0% of DM). 
The BM3 corn silage had a 9.7%-unit greater NDFD at 30 h and a 2.8%-unit lower 




7.8 vs. 10.6% of DM, respectively). These relative differences in NDF content and 
digestibility were expected based on previous literature comparing brown midrib-3 and 
conventional corn silage hybrids (Oba and Allen, 2000b; Hassanat et al., 2017; Miller 
et al., 2018). 
The calculated chemical composition and fiber fractions of the treatment diets 
(based on analysis of individual ingredients) are shown in Tables 3.3. and 3.4. More 
detailed information for individual feed ingredients may be found in Miller et al. 
(2020). The CON diets had numerically greater aNDFom and lower starch content than 
the BMR diets due to the greater aNDFom and lower starch content of the CON corn 
silage (36.2 vs. 32.1% of DM; 21.9 vs. 26.2% of DM, respectively). The NDFD at 30 h 
was numerically greater for the BM3 diets compared to the CON diets and the 
uNDF240om was numerically lower for the BM3 diets compared to the CON diets 
(62.0 vs. 55.7% of aNDFom; 6.9 vs. 8.6% of DM, respectively). As expected, the pef 
among the diets was similar and the peNDF content of the CON diets was greater than 
BM3 diets (24.1% vs 21.9%, respectively) which can be attributed to differences in 
aNDFom content in each diet and not particle size distribution. The overall TMR 
composition primarily reflected compositional differences between the two sources of 
corn silage.  
The supplemental and total dietary trace mineral concentrations were numerically 
similar among diets as concentrations of trace minerals were kept constant across diets, 
but the source was either sulfate or hydroxy trace minerals and differed among diets, as 




on-farm diets for high producing dairy cows and purposely exceeded NRC (2001) 
guidelines.  
In summary, we anticipated that the response to diet would be a function of 
source of corn silage and trace mineral. Although we had intended for the silage to 
differ mainly in NDF digestibility, the unexpected variation in starch content during the 
course of the study means that any measured effect of corn silage will be a combination 
of NDF and starch effects.  
3.4.2. Intake, Milk, and BW Responses 
The subset of 8 cannulated, multiparous cows used for the rumen measures had 
DMI, milk, and BW responses to diet that were similar to the entire group of 14 cows 
reported in Miller et al. (2020). Specifically, there was the same 1-kg increase in DMI 
for cows fed the BM3-HTM diet versus the other 3 diets (29.2 versus 28.2 kg/d; P < 
0.16) just as in Miller et al. (2020), but with the smaller number of cows the effect was 
not significant. Milk yield was greater for cows fed the BM3-HTM diet relative to the 
other diets (49.5 versus 47.2 kg/d; P < 0.02) which agrees with the responses observed 
by Miller et al. (2020) for the larger group of 14 cows.  
Overall, the cannulated cows fed the CON and BM3-STM diets had 0.7 kg greater 
DMI compared to the entire group of 14 cows fed the CON and BM3-STM diets (28.2 
vs. 27.5 kg/d, respectively). The cannulated cows fed the BM3-HTM diet had 0.6 kg 
greater DMI compared to the entire group of 14 cows fed the BM3-HTM (29.2 vs. 28.6 
kg/d). The cannulated cows had a greater average BW of 688 kg compared to the entire 




yield compared to the entire group fed the BM3 diets (48.1 vs. 47.6 kg/d), whereas the 
cannulated cows fed the CON diets had 0.9 kg greater ECM yield compared to the 
entire group fed the CON diets (47.1 vs. 46.2 kg/d).  
In summary, the cannulated cows used in this study had slightly greater DMI, 
BW, and milk yield than the entire group of 14 cows reported in Miller et al. (2020), 
but the pattern of response to diet was similar between the studies. 
3.4.3. Rumen pH and VFA 
Rumen pH data are presented in Table 3.7. Minutes below rumen pH of 5.8 
showed a tendency for a corn silage by trace mineral interaction (P = 0.09). However, 
for all diets the time that rumen pH was below 5.8 was less than the concern threshold 
for SARA of 180 to 240 min/d as reported by Zebeli et al. (2012). The generally low 
level of SARA in our study was not surprising given the relatively high dietary forage 
content of approximately 55% of ration DM. Stone (2004) reported that diets with 
peNDF content between 21 and 23% of DM would have a marginal risk of SARA, and 
the treatment diets in this study averaged 23% peNDF. Daily mean, standard deviation, 
minimum, and maximum rumen pH were unaffected (P > 0.10) by corn silage or trace 
mineral source. The measures of subacute rumen acidosis (SARA; AUC < 5.8 and pH 
< 5.5, min/d) were also unaffected (P > 0.10) by corn silage or trace mineral source. In 
agreement with our findings, Genther et al. (2015) and Caldera et al. (2019) found no 
effect of trace mineral on rumen pH in cannulated beef steers.  
In contrast with our findings, Pino and Heinrichs (2016) observed that Holstein 




diets with sulfate trace minerals. Two potentially important differences between Pino 
and Heinrichs (2016) and our present study were the source of organic trace mineral 
(proteinates and yeast vs. hydroxy trace minerals), and the animal model (growing 
dairy heifers vs. lactating dairy cows). To our knowledge, no previous study has 
evaluated the effect of hydroxy trace minerals compared with sulfate trace minerals on 
rumen pH in lactating dairy cows. It is possible that an effect of source of trace mineral 
fed to lactating cows might have been observed with lower forage diets that would have 
predisposed the rumen to lower pH. Future research should assess the interaction 
between source of trace mineral and fiber content of the diet when fed to lactating 
cows. 
Rumen VFA data are presented in Table 3.8. The interactions of time of rumen 
fluid collection relative to feeding for corn silage, trace mineral, and corn silage by 
trace mineral were not statistically significant (P > 0.10) for all measures and are not 
reported in Table 8. For all VFA measures, time was significant (P < 0.01) and this was 
expected as digestion throughout the day is dependent on substrate availability and 
influenced by delivery of fresh TMR and distribution of eating bouts throughout the 
day (Dijkstra et al., 2012).  
A tendency for an interaction (P = 0.07) between corn silage and trace mineral 
source was observed for total VFA concentration. The total VFA concentration was 
lower for the cows fed the STM compared to HTM in the BM3 diets (116.0 vs. 121.5 
mM), whereas the total VFA concentration was not affected by source of trace mineral 




greater fermentable substrate, for cows fed the BM3-HTM compared to cows fed the 
BM3-STM as reported in a companion paper (Miller et al., 2020).  
Cows fed the CON diets had greater (P = 0.02) acetate concentration than cows 
fed the BM3 diets (65.7 vs. 64.7 molar %), which was possibly due to higher NDF 
content of the CON diets. Oba and Allen (2000a) reported that diets with higher NDF 
content had greater concentrations of rumen acetate compared to lower NDF diets. In 
contrast, cows fed the BM3 diets had greater (P = 0.01) propionate concentrations than 
cows fed the CON diets (21.4 vs. 20.4 molar %) which was likely due to higher starch 
content of BM3 diets. These responses in rumen acetate and propionate track with 
established relationships between dietary carbohydrate (NDF and starch) content and 
rumen fermentation as exemplified by Oba and Allen (2003) who reported higher 
propionate concentrations when cows were fed high-starch compared to low-starch 
diets. Butyrate was unaffected (P > 0.10) by source of corn silage or trace mineral.  
Cows fed the CON diets had greater (P < 0.01) concentrations of isobutyrate and 
isovalerate compared to cows fed the BM3 diets (0.61 vs. 0.55 molar %; 0.58 vs. 0.52 
molar %, respectively). In agreement with our findings, earlier studies have reported 
that cows fed diets with conventional corn silage had greater concentrations of 
isobutyrate and isovalerate compared to cows fed diets with brown midrib-3 corn silage 
(Greenfield et al., 2001; Gehman et al., 2008; Hassanat et al., 2017). Gehman et al. 
(2008) proposed that the lower concentrations of isobutyrate and isovalerate when cows 
were fed brown midrib-3 corn silage are due to enhanced rumen fiber fermentation and 




Cows fed the CON diets had a tendency for greater (P = 0.08) rumen 
concentrations of valerate compared to cows fed the BM3 diets (1.73 vs. 1.66 molar 
%). Reflecting the small but significant changes in acetate and propionate 
concentrations, cows fed the CON diets had greater (P < 0.05) acetate to propionate 
ratio and acetate plus butyrate to propionate ratio compared to the cows fed the BM3 
diets (3.25 vs. 3.04; 3.78 vs. 3.57). Rumen ammonia concentration was unaffected (P > 
0.10) by corn silage type or trace mineral source. In agreement with our findings, Pino 
and Heinrichs (2016) reported no effect of source of trace mineral on acetate, 
propionate, isobutyrate, valerate, and isovalerate concentrations, but did report that 
heifers fed a diet with organic trace minerals had a higher butyrate concentration than 
heifers fed a diet with sulfate trace minerals. They suggested that this was due to 
shorter eating time for heifers fed the organic trace minerals. However, in a companion 
paper we did not observe a trace mineral effect on eating time (Miller et al., 2020). As 
previously discussed, the likely differences between Pino and Heinrichs (2016) and our 
current study are the source of organic trace mineral (proteinates and yeast vs. hydroxy 
trace minerals) and the animal model (growing dairy heifers vs. lactating dairy cows). 
Similar to rumen pH, to our knowledge, no previous study has evaluated the effect of 
hydroxy trace minerals compared with sulfate trace minerals on rumen fermentation 
and VFA profiles in lactating dairy cows. 
3.4.4. Rumen Digesta Pools and Turnover 
Rumen digesta characteristics, pools, and turnover are presented in Table 3.9. 




compared to cows fed the BM3 diets (124 vs. 119 L; 105 vs. 101 kg). Rumen density 
was unaffected (P > 0.10) by corn silage or trace mineral source. The differences 
among treatments for rumen digesta volume and mass were small and most likely not 
biologically important as rumen density (i.e., mass/volume) was not different (P > 0.10) 
among treatments.  
A significant interaction (P < 0.01) between corn silage and trace mineral source 
was observed for rumen OM pool size, indicating that the difference among trace 
mineral sources was greater in the BM3 versus CON diets. A significant interaction (P 
= 0.04) between corn silage and trace mineral source was observed for OM turnover 
rate with the difference being greater among the trace mineral sources for the BM3 
diets. The OM turnover time had a tendency for an interaction (P = 0.10) between corn 
silage and trace mineral source. The OM turnover time was longer for cows fed the 
BM3-HTM diet compared to cows fed the BM3-STM diet (12.5 vs. 11.5 h), whereas 
the OM turnover time was not greatly affected by trace mineral in the CON diets (12.8 
vs. 12.7 h). Overall, the smaller rumen OM pool for cows fed the BM3-STM diets was 
due to a faster turnover rate compared to cows fed the BM3-HTM diets.  
The rumen pool of NDF was unaffected (P > 0.10) by corn silage or trace mineral 
source. In a similar study investigating the effects of conventional and brown midrib-3 
corn silage in low and high forage diets, there was no measurable difference in rumen 
NDF pool between a high forage diet formulated with either conventional or brown 
midrib-3 corn silage (Cotanch et al., 2012a). The NDF turnover rate and time were 




A tendency for an interaction (P = 0.10) between corn silage and trace mineral 
source was observed for rumen uNDF240om pool size, reflecting the greater difference 
between HTM and STM for cows fed the CON diets. This effect on rumen 
uNDF240om pool size could be due to the different fiber characteristics of the CON 
and BM3 diets. For example, forage-based diets have resulted in greater differences in 
total tract NDF digestibility between sulfate and hydroxy trace minerals than by-
product-based diets fed to lactating dairy cows (Faulkner and Weiss, 2017). In our 
study, cows fed the CON diets had a larger (P < 0.01) rumen uNDF240om pool than 
cows fed the BM3 diets (3.45 vs. 2.61 kg). This was expected as CON diets had greater 
uNDF240om content than the BM3 diets. Cows fed the BM3 diets had faster (P = 0.05) 
turnover rate and shorter (P = 0.04) turnover time for uNDF240om than cows fed the 
CON diets (3.12 vs. 2.86%/h; 33.3 vs. 36.5 h, respectively). In agreement, a similarly 
designed study with lactating cows fed corn silage-based diets reported a faster iNDF 
turnover rate for cows fed diets with brown midrib-3 corn silage compared to cows fed 
diets with conventional corn silage (Oba and Allen, 2000b).  
Cows fed the BM3 diets also had a larger rumen starch pool than cows fed the 
CON diets (0.38 vs. 0.23 kg; P < 0.01). Rumen starch pool reflected the difference in 
starch content between the BM3 and CON diets. An interaction (P < 0.01) between 
corn silage and trace mineral source was observed for starch turnover rate, indicating 
that the difference among trace mineral sources was greater for cows fed the CON 
diets. Cows fed the BM3 diets had longer (P < 0.01) turnover time for starch compared 




larger rumen starch pool and lower total tract starch digestibility for cows fed the BM3 
diets compared to the cows fed the CON diets. Ferraretto and Shaver (2015) reported 
cows fed brown midrib-3 corn silage-based diets had lower total tract starch 
digestibility compared to cows fed conventional corn silage-based diets due to greater 
kernel vitreousness. 
3.4.5. Passage Rate of Corn Silage Particles 
Passage rate and mean retention time of marked corn silage particles are 
presented in Table 3.10. Liquid passage rate and mean retention time were unaffected 
(P > 0.10) by corn silage or trace minerals. Cows fed the BM3 diets had faster (P < 
0.05) passage rate of small and medium corn silage NDF particles than cows fed the 
CON diets (5.73 vs. 5.37%/h; 4.74 vs. 4.31%/h, respectively), but passage was 
unaffected by trace mineral source (P > 0.10). For cows fed the BM3 diets, small- and 
medium-sized corn silage NDF particles spent 1.3 and 2.3 h less time in the rumen than 
similarly sized NDF particles for cows fed the CON diets (17.9 vs. 19.2 h; P = 0.03; 
21.4 vs. 23.7 h; P < 0.01, respectively). The passage rate of large corn silage NDF 
particles and their mean retention time were unaffected (P > 0.10) by either the source 
of corn silage or trace mineral in the diet. 
As expected, as particle size of corn silage NDF increased from small to large, the 
mean retention time of these particles increased. Similarly, Cotanch et al. (2012b) 
reported that, as forage particle size increased, so did mean retention time for cows fed 
conventional and brown midrib-3 corn silage in low and high forage diets. In the study 




passage rate and shorter mean retention time for small and medium corn silage NDF 
particles compared to cows fed the conventional corn silage diets. Likewise, Cotanch et 
al. (2012b) reported that cows fed high forage diets with brown midrib-3 corn silage 
had shorter mean retention time for medium corn silage particles than cows fed high 
forage diets with conventional corn silage diets. Our results agree with studies 
comparing conventional and brown midrib-3 corn silage diets where the differences in 
DMI and rumen fill were attributable to a lower indigestible fiber fraction and greater 
fiber passage rates (Oba and Allen, 1999, 2000a and 2000b; Hassanat et al., 2017).  
There was no effect of trace mineral on passage rates of the small, medium, or 
large corn silage NDF particles. This was surprising as the cows fed the HTM diets had 
a tendency (P = 0.10) for greater total tract digestibility of aNDFom than the cows fed 
STM diets (56.9 vs. 54.9 % of DM; Miller et al., 2020). The release of free metals in 
the rumen could have negative effects on cellulolytic bacteria or bind to undigested 
fractions (e.g., fiber fractions) that pass from the rumen (Torre et al., 1991; Genther and 
Hansen, 2015; Faulkner et al., 2017). If the free minerals were binding to corn silage 
particles and affecting their fermentability, then these minerals possibly could alter the 
buoyancy of the particle, and potentially affect the passage of undigested fiber particles 
from the rumen.  
The process of marking the corn silage particles with rare earth could also be a 
reason for not observing a trace mineral effect. The particles underwent an extensive 
process to be marked including a neutral detergent extraction, soaking in a rare earth 




the available binding sites should have had a rare earth attached, which would limit the 
free metals from disassociated trace mineral complexes from binding. Further research 
is needed to identify the mechanism of how trace minerals affect total tract aNDFom 
digestibility as described in the companion paper (Miller et al., 2020).  
3.5. CONCLUSIONS 
Source of corn silage influenced rumen dynamics as the greater in vitro NDF 
digestibility and lower uNDF240om content allowed for a faster turnover rate of iNDF 
and faster passage rates of small and medium corn silage particles. Source of trace 
mineral did not have a great effect on rumen characteristics and particle passage rate 
although there was a corn silage by trace mineral interaction on OM and uNDF240om 
pool size and OM turnover. It appears that any influence of the source of trace mineral 
on intake or digestibility is not primarily effected through changes in rumen pH, VFA 
ratios, digesta turnover, or particle passage. More research is needed to identify the 
mechanism of how trace minerals influence DMI and total tract aNDFom digestibility.  
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Table 3.1. Ingredient composition (expressed as percentage of DM) of diets containing 
either conventional corn silage (CON) or brown midrib corn silage (BM3) with either 
sulfate trace minerals (STM) or hydroxy trace minerals (HTM) fed to lactating Holstein 
cows.  
 Diets 
 CON BM3 
Item STM HTM STM HTM 
Conventional corn silage 
(CON) 54.56 54.56 . . 
Brown mid-rib corn silage 
(BM3) . . 54.55 54.55 
Straw 2.27 2.27 2.27 2.27 
Beet pulp (pellets) 6.82 6.82 6.82 6.82 
Corn meal 2.67 2.67 2.67 2.67 
Concentrate mix     
Soy hull 7.31 7.31 3.07 3.07 
Protein supplement1 6.59 6.59 5.27 5.27 
Soybean meal 5.30 5.30 6.67 6.67 
Corn meal 1.71 1.71 5.60 5.60 
Canola meal 2.69 2.69 4.02 4.02 
99% sugar 1.41 1.41 1.41 1.41 
Dried distillers grains 1.34 1.34 . . 
Fat supplement2 1.21 1.21 1.21 1.21 
Calcium carbonate 1.10 1.11 1.10 1.11 
Protein supplement3 0.86 0.86 1.17 1.17 
Molasses 0.82 0.82 0.82 0.82 
Sodium sesquicarbonate 0.73 0.73 0.73 0.73 
Potassium carbonate4 0.59 0.59 0.59 0.59 
Fat supplement5 0.59 0.59 0.59 0.59 
Salt 0.38 0.38 0.38 0.38 
Urea 0.37 0.37 0.37 0.37 
Magnesium oxide 0.31 0.31 0.31 0.31 
Monodicalcium phosphate 0.12 0.12 0.12 0.12 
Selenium yeast 0.06%6 0.05 0.05 0.05 0.05 
Calcium chloride 0.04 0.04 0.04 0.04 
Vitamin E7 0.03 0.03 0.03 0.03 
Fly larvicide8 0.03 0.03 0.03 0.03 
Methionine analogue9 0.02 0.02 0.04 0.04 
Vitamin E10 0.02 0.02 0.02 0.02 
Rumen protected 
Methionine11 0.01 0.01 0.01 0.01 
Copper sulfate  0.004 . 0.004 . 
Manganese sulfate  0.012 . 0.012 . 




Hydroxy Copper12 . 0.002 . 0.002 
Hydroxy Zn12 . 0.009 . 0.009 
Hydroxy Mn12 . 0.011 . 0.011 
Vitamin A13 0.0003 0.0003 0.0003 0.0003 
Vitamin D14 0.0002 0.0002 0.0002 0.0002 
Cobalt carbonate 0.0002 0.0002 0.0002 0.0002 
Potassium iodide 0.0001 0.0001 0.0001 0.0001 
Total 100 100 100 100 
1Aminomax Pro, Poulin Grain; Newport, VT.  
2 BergaFat, Berg + Schmidt America, LLC; Libertyville, IL.  
3 PGI Amino Enhancer, Poulin Grain; Newport, VT. 
4DCAD Plus, Arm & Hammer Animal Nutrition, Ewing, NJ. 
5Energizer Gold, IFFCO (Malaysia) SDN.BHD., Sharjah, United Arab Emirates. 
6 Co-operative Feed Dealers, Inc., Conklin, NY.  
7 Contained 500,000 IU vitamin E/kg % of DM. 
8Clarifly, 0.67%, Central Garden and Pet Company, Schaumburg, IL. 
9 MetaSmart, Adisseo USA, Inc.; Alpharetta, GA.  
10 Contained 8,816 IU vitamin E/kg % of DM. 
11 Smartamine, Adisseo USA, Inc.; Alpharetta, GA.  
12 Intellibond C, Z, M, Intellibond; Micronutrients USA LLC, Indianapolis, IN.  
13 Contained 1,000,000 IU vitamin A/g % of DM. 














silage Straw Beet pulp Corn meal 
DM2, % 30.6 ± 1.7 33.8 ± 1.2 88.5 ± 0.7 91.4 ± 0.5 86.3 ± 0.3 
CP, % of DM 7.4 ± 0.3 7.3 ± 0.1 4.3 ± 0.2 8.1 ± 0.2 8.0 ± 0.1 
Soluble protein, % of CP 57.8 ± 2.0 49.6 ± 5.1 36.7 ± 2.6 10.4 ± 2.5 14.1 ± 1.7 
Ammonia, % of CP 11.3 ± 5.1 12.5 ± 1.8 . . . 
ADF, % of DM 25.7 ± 3.0 22.4 ± 1.1 59.1 ± 2.2 30.8 ± 1.2 2.5 ± 0.2 
aNDFom3, % of DM 41.9 ± 2.8 39.1 ± 1.4 78.0 ± 2.3 33.9 ± 1.1 9.6 ± 1.0 
30-h aNDF digestibility, % of 
aNDFom 58.7 ± 1.5 68.4 ± 2.4 33.7 ± 0.6 . . 
Lignin, % of DM 3.0 ± 0.0 2.0 ± 0.1 11.1 ± 0.6 5.8 ± 0.1 0.9 ± 0.2 
Starch, % of DM 32.8 ± 4.1 36.0 ± 2.3 1.4 ± 1.7 0.5 ± 0.2 72.7 ± 0.5 
7-h starch digestibility, % of starch 81.2 ± 8.1 80.6 ± 7.7 . . 55.1 ± 3.2 
Sugar (ESC4), % of DM 0.6 ± 0.1 0.5 ± 0.2 0.9 ± 0.4 8.3 ± 0.7 2.0 ± 0.1 
Crude fat, % of DM 2.74 ± 0.20 3.27 ± 0.57 1.01 ± 0.17 1.14 ± 0.29 3.72 ± 0.02 
Ash, % of DM 3.8 ± 0.6 3.7 ± 0.2 7.7 ± 0.5 10.9 ± 1.0 1.3 ± 0.2 
Calcium, % of DM 0.36 ± 0.08 0.29 ± 0.04 0.17 ± 0.01 1.99 ± 0.1 0.02 ± 0.01 
Phosphorus, % of DM 0.24 ± 0.02 0.24 ± 0.02 0.07 ± 0.01 0.13 ± 0.01 0.29 ± 0.01 
Magnesium, % of DM 0.16 ± 0.02 0.16 ± 0.01 0.07 ± 0.01 0.29 ± 0.01 0.11 ± 0.01 
Potassium, % of DM 0.93 ± 0.15 0.96 ± 0.01 0.87 ± 0.10 0.31 ± 0.02 0.42 ± 0.01 
Sulfur, % of DM 0.10 ± 0.01 0.12 ± 0.01 0.08 ± 0.01 0.38 ± 0.02 0.1 ± 0.01 
Sodium, % of DM 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.00 0.05 ± 0.02 0.01 ± 0.01 
Chloride ion, % of DM 0.12 ± 0.03 0.15 ± 0.03 0.08 ± 0.05 0.01 ± 0.02 0.06 ± 0.01 
Iron, mg/kg 165 ± 61 132 ± 16 217 ± 92 1146 ± 72 29 ± 3 
Copper, mg/kg 4.5 ± 1.0 5.0 ± 0.0 3.0 ± 0.0 12.3 ± 1.0 2.5 ± 0.6 








Zinc, mg/kg 22.8 ± 3.5 22.8 ± 3.0 10.5 ± 0.6 29.8 ± 3.6 22.3 ± 1.0 
Lactic acid, % of DM 4.6 ± 2.1 5.4 ± 1.0 . . . 
Acetic acid, % of DM 2.9 ± 1.1 3.5 ± 0.8 . . . 
Propionic acid, % of DM 0.1 ± 0.1 0.3 ± 0.1 . . . 
Butyric acid, % of DM 0.0 ± 0.0 0.0 ± 0.0 . . . 
Total volatile fatty acids, % of DM 7.5 ± 3.1 8.9 ± 1.1 . . . 
pH 3.91 ± 0.02 3.96 ± 0.11 . . . 
1Conventional corn silage (CON) or brown midrib corn silage (BM3). 
2For dry matter analysis, n = 44 for CON and BM3 corn silage and straw; n = 8 for beet pulp and corn meal.  
3Amylase NDF on an organic matter (OM) basis. 

























silage Straw Beet pulp Corn meal 
aNDFom2, % of DM 41.9 ± 2.8 39.1 ± 1.4 78.0 ± 2.3 33.9 ± 1.1 9.6 ± 1.0 
Undigested NDFom at 12 h, % of DM . . . 12.9 ± 4.8 7.7 ± 0.6 
Undigested NDFom at 30 h, % of DM 17.3 ± 1.6 12.3 ± 0.8 51.7 ± 1.4 . . 
Undigested NDFom at 72 h, % of DM . . . 6.2 ± 2.0 3.0 ± 0.4 
Undigested NDFom at 120 h, % of DM 11.4 ± 1.3 8.3 ± 0.6 39.9 ± 1.8 5.5 ± 1.8 2.2 ± 0.2 
Undigested NDFom at 240 h, % of DM 10.6 ± 0.7 7.8 ± 0.3 38.8 ± 0.9 . . 
Potentially digestible NDF3, % of aNDFom 74.8 ± 0.8 80.1 ± 1.0 50.2 ± 1.5 . . 
1Conventional corn silage (CON) or brown midrib corn silage (BM3). 
2Amylase NDF on an organic matter (om) basis. 
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Table 3.4. Calculated diet composition based on chemical analysis of ingredients in diets containing either conventional corn 
silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy trace minerals (HTM) fed to 
lactating Holstein cows. 
 Diet 
 CON BM3 
Item STM HTM STM HTM 
DM1, % 43.5 ± 2.02 43.7 ± 1.6 45.9 ± 1.2 46.4 ± 1.3 
CP, % of DM 15.0 ± 0.4 15.3 ± 0.3 15.6 ± 0.5 15.4 ± 0.2 
Soluble protein, % of CP 40.3 ± 1.9 41.0 ± 2.0 36.3 ± 4.0 35.6 ± 3.4 
ADF, % of DM 23.4 ± 1.8 23.3 ± 1.8 19.7 ± 0.7 19.6 ± 0.9 
aNDFom3, % of DM 36.3 ± 2.1 36.0 ± 2.1 32.1 ± 0.9 32.0 ± 0.9 
Lignin, % of DM 3.4 ± 0.1 3.4 ± 0.1 2.7 ± 0.1 2.8 ± 0.1 
Starch, % of DM 21.8 ± 2.4 21.9 ± 2.4 26.2 ± 1.3 26.1 ± 1.2 
Sugar (ESC4), % of DM 4.1 ± 0.3 4.1 ± 0.1 4.0 ± 0.3 3.9 ± 0.2 
Crude fat, % of DM 3.0 ± 0.4 3.0 ± 0.4 3.2 ± 0.6 3.3 ± 0.5 
Ash, % of DM 8.12 ± 0.33 8.06 ± 0.43 7.91 ± 0.28 7.74 ± 0.62 
Calcium, % of DM 1.14 ± 0.07 1.17 ± 0.02 1.07 ± 0.05 1.05 ± 0.10 
Phosphorus, % of DM 0.35 ± 0.01 0.36 ± 0.0 0.36 ± 0.01 0.35 ± 0.01 
Magnesium, % of DM 0.41 ± 0.04 0.44 ± 0.02 0.41 ± 0.03 0.40 ± 0.03 
Potassium, % of DM 1.40 ± 0.11 1.40 ± 0.10 1.38 ± 0.03 1.38 ± 0.03 
Sulfur, % of DM 0.23 ± 0.01 0.23 ± 0.01 0.25 ± 0.01 0.23 ± 0.01 
Sodium, % of DM 0.49 ± 0.05 0.49 ± 0.02 0.49 ± 0.04 0.46 ± 0.03 
Chloride ion, % of DM 0.39 ± 0.01 0.39 ± 0.02 0.41 ± 0.05 0.39 ± 0.02 
Iron, mg/kg of DM 306 ± 33 310 ± 36 275 ± 14 274 ± 14 
Copper, mg/kg of DM 18 ± 0.7 17 ± 1.1 17 ± 1.2 16 ± 0.8 
Manganese, mg/kg of DM 61 ± 4 68 ± 2 60 ± 8 64 ± 5 
Zinc, mg/kg of DM 101 ± 20 93 ± 3 107 ± 30 88 ± 6 
1Diets were analyzed for dry matter at 105°C; n = 44 for each diet. For all other analyses, n = 4. 








3Amylase NDF on an organic matter (OM) basis. 






































Table 3.5. Data (mean ± SD) characterizing the fiber fractions and particle size of diets containing either conventional corn silage 
(CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy trace minerals (HTM) fed to 
lactating Holstein cows. 
 Diets 
 CON BM3 
Item STM HTM STM HTM 
aNDFom1, % of DM 36.3 ± 2.1 36.0 ± 2.1 32.1 ± 0.9 32.0 ± 0.9 
30-h aNDF digestibility, % of aNDFom 56.0 ± 2.4 55.3 ± 4.4 61.9 ± 2.1 62.0 ± 2.0 
Undigested NDFom at 30 h, % of DM 15.9 ± 0.2 16.0 ± 0.8 12.2 ± 0.5 12.1 ± 0.4 
Undigested NDFom at 120 h, % of DM 9.3 ± 0.5 9.4 ± 0.6 7.6 ± 0.2  7.5 ± 0.3 
Undigested NDFom at 240 h, % of DM 8.6 ± 0.3 8.6 ± 0.4 6.9 ± 0.2 6.9 ± 0.1 
Potentially digestible NDF2, % of aNDFom 76.3 ± 1.0 76.1 ± 0.9 78.4 ± 0.5 78.2 ± 0.6 
pef (PSPS3) 0.67 ± 0.01 0.66 ± 0.01 0.66 ± 0.01 0.65 ± 0.01 
peNDF (PSPS4), % of DM 24.3 23.8 21.2 20.8 
pef (Ro-Tap5) 0.67 ± 0.02 0.66 ± 0.02 0.68 ± 0.02 0.69 ± 0.02 
peNDF (Ro-Tap6), % of DM 24.3 23.8 21.8 22.1 
1aNDFom = amylase NDF on an organic matter (om) basis. 
2
Potentially digestible NDF = (aNDFom – undigested NDFom at 240 hours)/aNDFom.  
3pef = physically effectiveness factor with the Penn State Particle Separator, % of as-fed ≥ 4.0 mm. 
4peNDF = physically effective neutral detergent fiber [pef x aNDFom; calculated according to Mertens (1997)] using the Penn State Particle Separator. 
5pef = physically effectiveness factor with Ro-tap (Mentor, OH), % of DM ≥ 1.18 mm. 













Table 3.6. Analyzed concentrations and amounts of supplemental and dietary copper, manganese, and zinc in diets containing 
either conventional corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy 
trace minerals (HTM) fed to lactating Holstein cows. 
 Diet 
 CON BM3 
Item STM HTM STM HTM 
Supplemental minerals concentration1, mg/kg of 
DM     
  Copper 10.6 10.5 9.2 8.9 
  Manganese 41.5 41.2 41.2 39.6 
  Zinc 64.3 63.8 63.2 60.8 
Total dietary concentrations, mg/kg of DM     
  Copper 17.5 17.1 17.1 16.4 
  Manganese 60.5 68.4 59.9 63.5 
  Zinc 100.9 93.2 107.2 87.9 
Total dietary mineral, mg/d     
  Copper 493 469 468 458 
  Manganese 1,671 1,877 1,650 1,830 
  Zinc 2,767 2,567 2,943 2,517 
Supplemental mineral, % of total dietary mineral     
  Copper 60.6 61.6 53.9 54.0 
  Manganese 68.6 60.3 68.8 62.4 
  Zinc 63.7 68.5 58.9 69.1 














Table 3.7. Least squares means of rumen pH for lactating Holstein cows (n = 8) fed a diet containing either conventional corn 
silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy trace minerals (HTM). 
 Diet     
 CON BM3  P-value 




(TM) CS x TM 
24-h mean pH 6.16 6.17 6.14 6.12 0.04 0.27 0.79 0.71 
24-h standard deviation of pH 0.25 0.22 0.22 0.24 0.02 0.93 0.57 0.15 
24-h minimum pH 5.59 5.66 5.64 5.53 0.07 0.48 0.79 0.15 
24-h maximum pH 6.61 6.60 6.57 6.57 0.03 0.23 0.84 0.77 
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Table 3.8. Least squares means of rumen volatile fatty acid (VFA) profiles for lactating Holstein cows (n = 8) fed a diet containing 
either conventional corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) or hydroxy 
trace minerals (HTM). 
 Diet   
 CON BM3  P-value 






(TM) CS x TM Hour1 
Total VFA, mM 116.1 116.1 116.0 121.5 2.9 0.09 0.08 0.07 <0.01 
VFA, Molar %          
    Acetate (A) 65.6 65.8 64.9 64.5 0.5 0.02 0.69 0.37 <0.01 









23.02)     
 
    Butyrate (B) 10.9 11.0 11.2 10.9 0.3 0.56 0.61 0.41 <0.01 
    Isobutyrate 0.60 0.61 0.55 0.54 0.02 <0.01 0.84 0.25 <0.01 
    Valerate 1.76 1.70 1.66 1.65 0.05 0.08 0.46 0.52 <0.01 
    Isovalerate 0.57 0.58 0.52 0.51 0.03 <0.01 0.94 0.46 <0.01 
A:P 3.22 3.27 3.11 2.98 0.10 0.02 0.60 0.25 <0.01 
(A+B):P 3.75 3.81 3.65 3.48 0.12 0.03 0.57 0.22 <0.01 
    Ammonia, mg/dL 5.35 6.46 5.66 5.25 0.79 0.50 0.60 0.26 <0.01 
1Interaction terms hour by corn silage, hour by trace mineral, and hour by corn silage by trace mineral were not statistically significant and were not reported 
in this table.  













Table 3.9. Least squares means of rumen digesta characteristics, pool sizes, and turnover for lactating Holstein cows (n = 8) fed a 
diet containing either conventional corn silage (CON) or brown midrib corn silage (BM3) with either sulfate trace minerals (STM) 
or hydroxy trace minerals (HTM). 
 Diet     
 CON BM3  P-value 




mineral (TM) CS x TM 
Rumen digesta volume, L 126 122 118 119 5 0.01 0.45 0.35 
Rumen digesta mass, kg 106 103 100 101 4 0.02 0.66 0.24 
Rumen density, kg/L 0.84 0.85 0.85 0.85 0.01 0.43 0.53 0.85 
Rumen pool, kg         
OM 13.2 12.6 11.9 13.1 0.6 0.09 0.30 <0.01 
NDF 8.27 7.86 8.00 7.88 0.33 0.51 0.17 0.45 
uNDF240om1 3.53 3.37 2.54 2.67 0.20 <0.01 0.91 0.10 
Starch 0.24 0.22 0.36 0.41 0.03 <0.01 0.58 0.28 
Rumen turnover rate, %/h         
OM 8.01 8.28 8.96 8.19 0.46 0.08 0.30 0.04 
NDF 4.92 4.96 4.85 4.81 0.24 0.52 0.99 0.81 
uNDF240om1 2.83 2.89 3.21 3.03 0.22 0.05 0.65 0.34 









104.92)     
Rumen turnover time, h         
OM 12.8 12.7 11.5 12.5 0.7 0.06 0.24 0.10 
NDF 20.8 20.9 21.1 21.2 1.0 0.70 0.89 0.99 
uNDF240om1 36.6 36.4 32.6 33.9 2.7 0.04 0.71 0.60 
Starch 0.96 0.91 1.20 1.36 0.08 <0.01 0.55 0.24 
1uNDF240om = undigested NDF at 240 h of in vitro fermentation. 









Table 3.10. Passage rate and mean retention time of liquid, and small, medium, and large corn silage particles data from lactating 
Holstein cows (n = 8) fed a diet containing either conventional corn silage (CON) or brown midrib corn silage (BM3) with either 
sulfate trace minerals (STM) or hydroxy trace minerals (HTM). 
 Diet     
 CON BM3  P-value 




mineral (TM) CS x TM 
Liquid         
Passage rate, %/h 7.66 7.51 7.54 7.97 0.3 0.55 0.61 0.29 
Mean retention time, h 13.3 13.5 13.5 12.8 0.6 0.69 0.57 0.39 
Small1 corn silage particles         
Passage rate, %/h 5.45 5.29 5.78 5.67 0.3 0.03 0.37 0.87 
Mean retention time, h 18.8 19.5 17.8 17.9 1.1 0.03 0.45 0.53 
Medium2 corn silage particles           
Passage rate, %/h 4.27 4.34 4.79 4.70 0.2 <0.01 0.94 0.51 
Mean retention time, h 23.9 23.5 21.1 21.6 0.9 <0.01 0.96 0.49 
Large3 corn silage particles         
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1Small = ≥ 0.03 mm and < 1.18 mm.  
2Medium = ≥ 1.18 mm and < 4.75 mm. 
3Large = ≥ 4.75 mm and < 19.00 mm.  
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 The feeding environment (physical and social components) within which the 
cow interacts with the ration will have a powerful modulatory influence on dry matter 
intake (DMI). Some nutritional models (i.e. Cornell Net Carbohydrate Protein System) 
and have incorporated important components of the animal’s physical environment, 
such as temperature and mud depth. Still, to date, none have inputs that reflect social 
environment factors such as stocking density and feeding frequency. Therefore, this 
study's objective was to create a model that accurately quantifies the effects of stocking 
density and feeding frequency on behavior and performance of lactating dairy cattle. 
The foundation of the management model is the time budget with lying and eating 
being the largest time allotments. The eating time was predicted using common on-
farm measures [neutral detergent fiber (NDF) content, physically effective NDF, body 
weight, and milk yield] and had a good predictive ability with a mean absolute error of 
41 min/d regardless of parity. Stocking density affected lying time, which accounted for 
76% of the variance in lying time. The adjusted lying time was then used to predict  
milk yield, which accounted for 36% of the variance in milk yield. In addition to these 
management factors, DMI was affected by physically effective undigested neutral 
detergent fiber at 240-h (peuNDF240) content of the diet: as the peuNDF240 increased 
DMI decreased. The peuNDF240 accounted for 60% of the variance in DMI. The 
management model appears to be a useful tool for producers and consultants based on 
significant biological relationships, although more data and research are needed to 
validate the model. 






 Accurate prediction of dry matter intake (DMI) enhances ration formulation 
and is a key component of nutritional models. Over- and underfeeding of nutrients as a 
result of inaccurate DMI prediction translates into lost animal performance and(or) 
health, inefficiencies in nutrient use, and greater feed costs. Feeding behavior of cattle 
determines DMI, which is broadly controlled by ruminoreticular fill and chemostatic 
mechanisms but modulated by the animal’s feeding environment (Grant and Albright, 
1995). The combination of housing facilities and management routines define the 
physical and social environment within which cattle consume the feed. Mertens (1994) 
described these modulatory psychogenic factors and how they influence the animal’s 
behavioral responses to inhibitory or stimulatory factors in the feed or feeding 
environment separate from the diet’s energy or fill value. Social interactions, 
palatability, and other feed characteristics, as well as learning behavior, are all integral 
components of psychogenic modulation of DMI (Grant and Albright, 1995). 
Consequently, actual DMI may be conceptualized as predicted feed intake minus an 
adjustment for psychogenic factors. 
 Commonly used DMI prediction equations include factors for milk production 
or some measure of productivity, body weight (BW), stage of lactation, and dietary 
energy density (NRC, 2001). For example, the 2001 Dairy NRC publication predicts 
DMI as a function of 4% FCM yield and BW0.75 with an adjustment for depressed DMI 
during early lactation. There are no adjustments to the DMI prediction equation for 




nutrient content, or management factors such as feeding frequency, grouping, or 
stocking density.  
 Some nutritional models include environmental inputs that directly or 
indirectly influence maintenance requirements and(or) DMI. As an example, the 
Cornell Net Carbohydrate Protein System (CNCPS) allows inputs for temperature, 
humidity, wind speed, degree of lot muddiness, hair coat, standing time, and distance 
walked (Fox et al., 2004). The CNCPS predicts DMI for beef cattle based on NRC 
(2000) equations, dual-purpose cattle based on equations of Traxler (1997), and dairy 
cattle (Milligan et al., 1981; Roseler et al., 1997). These equations use measures of BW, 
dietary NEm content, body fat adjustment factor, anabolic implant factor, breed, milk 
yield, weeks in milk, temperature, and night cooling adjustment factors. For all types of 
cattle, the DMI prediction is adjusted for the effect of temperature and mud depth in the 
lot because animals become increasingly reluctant to go to the feed bunk as mud depth 
increases (Fox et al., 2004). So, some nutritional models have incorporated important 
components of the animal’s physical environment, but to-date, none have inputs that 
reflect social environment factors. 
 In the future, nutritional models need to incorporate inputs for the feed and 
feeding environment, such as feeding frequency, stocking density (SD), grouping 
strategy, and other key psychogenic components to more accurately predict actual 
DMI. For example, we know that greater stocking density at the feed bunk and free-
stall increases aggressive interactions, displacements, and alters meal patterns, 
rumination, and resting behavior, especially for subordinate cattle (Hill et al., 2009). 




behavioral responses to the physical and social environment in addition to DMI. Much 
of the existing data on feeding behavior and DMI were collected using electronic feed 
bin systems, and it will be a challenge to adapt and apply these data to on-farm systems 
such as headlocks or post-and-rail feeders.  
 Previous papers have reviewed the specific influence of cattle grouping and 
feeding management on feeding behavior and DMI (Grant and Albright, 1995; Grant 
and Albright, 2001). However, considerable research has occurred since then, 
particularly for variable stocking density and shorter-term effects on feeding, resting, 
and rumination behavior. Importantly, these previous reviews did not evaluate the 
potential importance of resting and feeding behavior and time budgeting as an initial 
step in DMI prediction and ration formulation. There has been little work on 
quantifying the management effects on feed intake and creating a mathematical model 
with these relationships. In order to develop a model that can be used on-farm, we will 
need to utilize commonly obtained on-farm measures to predict eating time as it is hard 
to measure. Therefore, the objective of this study was to create a model that accurately 
quantifies management decisions on DMI. We hypothesize that building a model that 
incorporates the effects of management decisions and the social environment will 
improve the prediction of DMI. 
4.3. MATERIALS AND METHODS 
4.3.1. Model Development  
 The model is divided into five sections: 1) behavioral time budget, 2) stocking 
density measurement, 3) eating time prediction, 4) DMI prediction, and 5) physically 




components focus on management and the social environment, while the fifth 
component takes advantage of a database generated at Miner Institute of studies where 
forage source, particle size, and digestibility were varied and fed to high producing 
Holstein cows (Miller et al., 2020). Figure 4.1 provides an overview of the full model 
and each section will be discussed separately. The model was created using Vensim 
professional version 7.0a (Ventana Systems Inc., Harvard, MA). This model was 
designed to be used by dairy farmers or consultants who work with dairy farmers to 
input specific farm variables to assess the effect of management decisions on DMI, 
milk production, and behavior. 
4.3.2 Behavioral Time Budget 
 The foundation of this model is the behavioral time budget section (Figure 
4.2). This is due to the negative effects that management decisions can have on DMI by 
not allowing a cow to exhibit her natural behaviors. Grant (2004) reported that a 24-h 
time budget could be used to describe any deviation from a cow’s normal allocation of 
time to lying, eating, time outside the pen for milking, treatment, drinking, and social 
interactions (Grant, 2004). In Figure 4.2, we have sections designated for milking 
minutes (Mmin), treatment minutes (Tmin), drinking minutes (Dmin), and social and 
other standing time (Smin). The Mmin and Tmin variables are the product of milkings 
per day (Mpd) or treatments per day (Tpd) and milking duration (Mdur) or treatment 
duration (Tdur). Milking duration is defined as when the first cow leaves the pen to go 
to parlor until the time the last cows return to the pen (von Keyserlingk et al., 2012). 
The Dmin and Smin variables are the product of drinking (Dbout) or social bouts 




intended to be adjusted based on the information for each farm, but it is understandable 
that not all farms will have this information. The Mmin, Tmin, Dmin, and Smin are 
added together and then subtracted from 1440 min resulting in a variable that reflects 
daily time available for eating and resting (TAER).  
4.3.3. Stocking Density Measurement 
 In Figure 4.3, the effect of stocking density is described. This section allows 
the calculation of a stocking density using the pen descriptors. The stocking densities 
are calculated on a free-stall and feed manger basis. The stall stocking density (SSD) is 
the number of cows in a pen divided by useable stalls (Ustalls) and multiplied by 100. 
The HorFR variable is used in the manger stocking density variable to choose whether 
to use the length of feed manger or the number of headlocks based on Friend et al. 
(1976). The manger stocking density (MSD) for headlocks was calculated as the 
number of cows in a pen divided by the number of 60-cm headlocks then multiplied by 
100. The MSD for feed rails was calculated as the length of the feed rail (FMlength) 
divided by the number of cows. This was then multiplied by -201.82 and added to 
226.37, and this calculation transformed the length of the feed rail per cow into a 
stocking density based on 100% SD being equal to 0.6 m/cow. Both the SSD and MSD 
are connected to the SD variable, which selects the largest of the two for the stocking 
density used for prediction. We decided to use the largest stocking density 
measurement to represent pens that either have more stalls or manger space; therefore, 
this approach will account for the resource (stall or manger) with the most competition.  




 In Figure 4.4, the eating time prediction is presented. Lying and eating time are 
the two largest portions of a cow’s daily time budget, but they typically cannot be 
measured easily on-farm. Therefore, it is essential to predict one, so that the other can 
be calculated by subtraction. In order to allow stocking density to affect lying time, we 
decided to predict eating time and calculate the lying time. To begin creating the eating 
time prediction, we used 6 studies of high producing Holstein dairy cows fed high and 
low forage diets containing different sources of forages and varying forage particle 
sizes (Table 4.1.; Kononoff et al., 2003; Cotanch et al., 2014; Miller et al., 2017; Smith 
et al., 2018; Coons et al., 2019; Miller et al., 2020). The on-farm measures we selected 
were neutral detergent fiber (NDF) content, physically effective NDF (peNDF), milk 
yield, and BW. Neutral detergent fiber and peNDF were chosen due to their being 
related to DMI and chewing activity (Oba and Allen, 2000a,b; Beauchemin and Yang, 
2005; Smith et al., 2018). Milk yield and BW have also been related to feed intake and 
can be used to predict eating time (Roseler et al., 1997).  
 The feeding frequency (FF) variable also influences eating time (ET). If FF 
was once per day, then there would be no adjustment to ET. If FF was two times per 
day, then ET would be increased by 3.5%. Finally, if FF was greater than two, then ET 
would be increased by 10% based on published relationships between frequency of feed 
delivery and eating time (Philips and Rind, 2001; DeVries et al., 2005; Mantysaari et 
al., 2006).   
4.3.5. Dry Matter Intake Prediction  
 In Figure 4.5, the DMI prediction is presented. The time available for rest 




then adjusted by FF because any FF greater than or equal to five has reduced lying time 
by 12%, although FF less than five times daily appears to not affect lying time (Philips 
and Rind, 2001; DeVries et al., 2005; Mantysaari et al., 2006). Stocking density was 
also used to make an adjustment on TAR because previous research has shown that, for 
a 10% increase in stocking density, there was a 3% reduction in lying time (Grant, 
2015). The TAR variable then influenced the adjusted milk (aMilk) variable. This 
adjustment was based initially on previous research by Grant (2004) who reported that, 
for every hour extra of lying time, it was associated with an increase of 1.68-kg of milk 
yield. We decided to re-evaluate these relationships by building a database using nine 
studies with 39 treatments (Hill, 2006; Fregonesi et al., 2007; Proudfoot et al., 2009; 
Krawczel et al., 2012a, b; Winckler et al., 2015; Campbell, 2017). The new 
relationships created were used in the management model (Table 4.7.) rather than the 
original relationship reported by Grant (2004).  
 The aMilk variable was used to calculate a 4% fat-corrected milk (FCM) along 
with the milk fat % (MF) variable. This FCM variable, along with BW and week of 
lactation (WOL) variables, was used to calculate the NRC (2001) cow DMI (NRCi) 
variable. So, in this proposed management model, stocking density affects lying time, 
which results in an adjustment to the milk yield, which is used to predict DMI. Finally, 
the NRCi variable is divided by ET and expressed kg of DM per minute in the eating 
rate (ER) variable.  
4.3.6. Physically Effective Undigested NDF240 Adjustment 
 In Figure 4.6, the peuNDF240 adjustment of DMI is presented. This 




negatively affects DMI. We used five studies with 16 treatments to predict DMI using 
dietary peuNDF240 (Table 4.1.; Cotanch et al., 2014; Miller et al., 2017; Smith et al., 
2018; Coons et al., 2019; Miller et al., 2020). The peuNDF240 variable was expressed 
as a percentage of the diet fed to the pen of cows. The NRCi variable was used to 
predict a peuNDF240 content in the predicted peuNDF240 variable. Then, if this 
variable was greater than the peuNDF240 variable, the peuNDF240 intake prediction 
was used in the DMIpeuNDF240 variable.  
4.3.7. Sensitivity Analysis 
Sensitivity of the model predictions for TAR and NRCi variables to the input 
variables of SD and Mmin were conducted with the Monte Carlo simulation technique 
using R version 3.5.2. (R Core Team, 2014). The range of SD used was 100 to 150% and 
the Mmin of 180 to 300 min/d based on survey data from von Keyserlingk et al. (2012). 
In total, 30,000 iterations were used, yielding approximately 1000 runs for each joint 
range of SD and Mmin. On each iteration, values of SD and Mmin were drawn 
independently from a uniform distribution between their respective min and max values. 
All other inputs were fixed. 
4.3.8. Statistical Analysis 
 Data from studies included in the database for eating time, lying time, adjusted 
milk, and peuNDF240 intake predictions were analyzed using the MEANS procedure 
of SAS (version 9.4; SAS Institute Inc., Cary, NC), and were reported as descriptive 
statistics (mean ± standard deviation; minimum and maximum values). Predictions 




Mean absolute error (MAE) was calculated as the absolute value of actual observation 
minus predicted value and was used to assess predictive ability.  
4.4. RESULTS AND DISCUSSION 
 All variable names used in the equations for the management model are 
described in Table 4.2., and the equations in the final model are listed in Table 4.3. To 
our knowledge, there has been no previous research that has built a mathematical model 
to capture the effects of stocking density and feeding frequency on behavior and 
performance of lactating dairy cattle using behavioral time budgeting as the foundation 
of the model.   
 The environment the cow lives in will have an impact on her ability to perform 
necessary tasks such as rest and eating, which are essential for health and high levels of 
productivity. The time budget is used to capture the cow’s behavior, and then the model 
can predict how management decisions will affect their behavior and, ultimately, DMI 
and milk yield. Grant (2004) reported that a 24-h time budget could be used to describe 
any deviation from a cow’s normal allocation of time. On a typical dairy farm, the two 
most significant components of the time budget - lying and eating time - are rarely if 
ever measured. Since the time budget accounts for the whole day, we decided the 
model would have to predict one behavior, and then the other behavior would be 
calculated.  
 In deciding whether to predict lying or eating time, it was essential to 
understand which behavior had more importance to the cow. Munksgaard et al. (2005) 
reported that, when cows are limited in access to feed and rest, lying time was 




increased eating rate to maintain DMI (Munksgaard et al., 2005). Since cows can 
compensate for less time available for eating by increasing their eating rate to maintain 
DMI, we decided to predict it. In contrast, unfortunately, the cow that is rest-deprived 
cannot compensate and will be negatively affected.  
 To assure that the eating time prediction would be applicable on a farm we 
decided to use measures that are routinely quantified on-farm. The on-farm measures 
we selected were dietary NDF content, peNDF content, milk yield, and BW. Dado and 
Allen (1994) and Roseler et al. (1997) reported a positive relationship between milk 
yield and DMI. This makes sense as the amount of energy intake is one of the main 
factors that affect milk production. Oba and Allen (2000a,b) reported that cows fed low 
NDF concentration diets had greater DMI and spent less time eating compared to cows 
fed high NDF concentration diets. Dado and Allen (1994) also reported a moderate 
positive correlation between eating time and DMI. Based on previous research, we 
were confident of variable selection, but needed to create and validate the DMI 
prediction equation.  
We used six studies of high producing dairy cows fed high and low forage diets 
containing different sources of forages and varying forage particle sizes to create 
prediction equations for eating time (Table 1.; Kononoff et al., 2003; Cotanch et al., 
2014; Miller et al., 2017; Smith et al., 2018; Coons et al., 2019; Miller et al., 2020). The 
MLR analysis to predict eating time accounted for 68% of the variance using NDF 
content, peNDF, BW, and milk yield (Table 4.4). A large proportion of the accounted 
variance for eating time was from the milk yield (37.5%) and NDF content (25.3%). 




fiber content to be important when predicting DMI (Dado and Allen, 1994; Roseler et 
al., 1997; Oba and Allen, 2000a, b).  
To test the predictive ability of the equation from MLR, we compiled 13 
published studies with 50 treatments using lactating Holstein dairy cows that included 
DMI, milk yield, eating time, BW, NDF content, and peNDF content (Table 4.5.; Grant 
et al., 1990; Beauchemin et al., 2003; Yansari, et al., 2004; Yang et al., 2006, Yang et 
al., 2007; Yang et al., 2009; Hart et al., 2013; Hart et al., 2014; Farmer et al., 2014; 
Campbell et al., 2015; Crossley et al., 2017; Campbell et al., 2017; Crossley et al., 
2018). The summary statistics of the studies are presented in Table 4.5. The mean 
absolute error (MAE) of eating time was calculated using the prediction equation from 
MLR using the 13 published studies split into different groups (all, multiparous, 
primiparous, and mixed) and are presented in Table 4.6. The eating time prediction 
equation had the best predictive ability for multiparous cows with a MAE of 30 min/d. 
In contrast, the eating time prediction equation for the other groups had a similar MAE 
of 41 min/d. To our knowledge, there has not been previous research that attempted to 
predict eating time using on-farm measures. However, our eating time prediction had a 
good initial predictive ability with an average MAE of 41 min/d although there is a 
need to continuing to improve this.  
The eating time prediction equation was used in the ET variable. The variable 
TAR was calculated by subtracting the ET variable from the TAER variable. We then 
made an adjustment for stocking density and feeding frequency. Stocking density was 
defined as the number of animals per resource, such as stall or headlock, usually 




defined as having more animals than resources and has become a common practice on 
dairy farms (von Keyserlingk et al., 2012). The only variable in the model directly 
affected by stocking density is TAR, and this decision was based on previous research 
that described the relationship between stocking density and daily resting time.  
Several short-term studies have investigated the effect of overstocking on DMI, 
and in general, there is no effect (Batchelder, 2000; Collings et al., 2001; Krawczel et 
al., 2012b; Campbell et al., 2015; Wang et al., 2016; Campbell et al., 2017; Crossley et 
al., 2017). Cows that are overstocked above 130% spent less time lying compared to 
cows overstocked at 100%, and importantly, overstocking did not affect eating time 
(Fregonesi et al., 2007; Hill et al., 2009; Krawczel et al., 2012b; Campbell et al., 2015; 
Campbell et al., 2017). The extra time created by reduced resting with overcrowding 
was not spent eating, but rather standing idle in the alley (Fregonesi et al., 2007; Hill et 
al., 2009; Krawczel et al., 2012b; Campbell et al., 2015; Campbell et al., 2017). This 
increased standing time can have negative effects on health such as poor hoof health, 
greater serum cortisol, and lower growth hormone, which could lead to lower milk 
production (Munksgaard and Lovendahl, 1993; Singh et al., 1993; Grant, 2004; Cooper 
et al., 2007). Although overstocking did not affect milk yield, this could be due to the 
studies being short-term in nature (Krawczel et al., 2012b; Campbell et al., 2015; 
Campbell et al., 2017; Crossley et al., 2017). There is a need for future overstocking 
research to focus on the long-term effects on DMI and milk yield.  
 Since the previous research did not show a direct relationship between 
overstocking and DMI, we decided to use the relationship between lying time and 




relative response for lying time using previous research and was able to the account for 
59% of the variance of lying time. To update this relationship, we built a database using 
nine studies with 39 treatments (Hill, 2006; Fregonesi et al., 2007; Proudfoot et al., 
2009; Krawczel et al., 2012a, b; Winckler et al., 2015; Campbell, 2017). The summary 
statistics of the studies are presented in Table 4.7. The average SD was 126%, with a 
minimum of 75% and a maximum of 200%. The DMI and milk yield averaged 22.2 
and 40.3 kg/d, respectively. In Figure 4.7. we present the relationship of SD and 
relative response for lying time. The MLR analysis to predict lying time accounted for 
76% of the variance using stocking density (Figure 4.7.) Our results agree with Grant 
(2015), and we were able to account for more variation.  
 The TAR variable was adjusted by FF as any FF greater than or equal to five 
times per day may reduce lying time by 12% (Philips and Rind, 2001; DeVries et al., 
2005; Mantysaari et al., 2006). There is relatively little published research on feeding 
frequency and even less on its effect on cow behavior.  
 The TAR variable was adjusted by SD and FF variables and was then used to 
predict a milk yield in the aMilk variable. This was based on the relationship between 
milk yield and lying time presented by Grant (2015). The relationship between milk 
yield and lying time was able to account for 31% of the variance of milk yield (Grant, 
2015). Again, we used the database to re-evaluate this relationship. In Figure 4.8. we 
present the relationship between milk yield and lying time. The MLR analysis to 
predict milk yield accounted for 36% of the variance using lying time (Figure 4.8.) Our 
results were in agreement with Grant (2015), and we were able to account for more 




variable. Unfortunately, there is a limited amount of published data for the effect of 
overstocking on lying time and lying time on milk yield, which limits our ability to 
check the predictive ability of our predictions.  
 The aMilk variable was used to calculate a FCM value which is used in the 
NRC (2001) DMI prediction in the NRCi variable. The decision to use the Dairy NRC 
(2001) equation was based on its common use in the dairy industry. The ER variable 
was calculated using the ET and NRCi variables. As stated earlier, cows that are 
overstocked will increase their eating rate to maintain DMI, so the ER variable could be 
used to assess how well the model captures this behavior. There are limited data on 
eating rate due to the difficulty and cost of measurement. Future research needs to 
focus on effects of stocking density on chewing behaviors such as eating and 
ruminating.  
 Recent research has focused on fiber characteristics such as particle size and 
indigestibility and their effects on DMI (Smith et al., 2018). The measure of particle 
size is peNDF, which is the portion of the NDF that has a particle size greater than 1.18 
mm (pef; dry vertical sieve) and is related to chewing behavior and supports normal 
rumen function (Mertens, 1997). The measure of indigestible fiber is termed undigested 
NDF (uNDF240) and has been related to NDF digestion and passage kinetics, gut fill 
and intake, and physical effectiveness of fiber (Nousiainen et al., 2003; Cotanch et al., 
2014; Raffrenato et al., 2018). There has been relatively little published research on the 
relationship between peNDF and uNDF240.  
 Smith et al. (2018) investigated the relationship between peNDF and uNDF240 




product of the dietary pef and uNDF240 and was intended to integrate the effects of 
particle size and NDF indigestibility into one number. The peuNDF240 was highly 
related to DMI and chewing behavior (Smith et al., 2018). To explore this new 
measure’s relationship with DMI further, we created a database with five studies with 
16 treatments (Table 4.1.; Cotanch et al., 2014; Miller et al., 2017; Smith et al., 2018; 
Coons et al., 2019; Miller et al., 2020). 
 In Figure 4.9. the relationship between peuNDF240 and DMI is presented. The 
MLR analysis to predict DMI accounted for 60% of the variance using peuNDF240 
(Figure 4.9.). This result agrees with the findings of Smith et al. (2018) and can be used 
to adjust DMI dependent on the peuNDF240 content of the diet. In the management 
model, we used the NRCi variable to predict a peuNDF240 content. If the dietary 
peuNDF240 content was greater than the predicted peuNDF240, then we used the 
regression equation created from the database. There is limited research using these 
new fiber measures, and it is important to restrict these inferences to similar diets (corn 
silage with hay and fibrous byproducts).  
4.4.1. Sensitivity Analysis 
The sensitivity analysis for the TAR and NRCi variables for a range of SD and 
Mmin variables is presented in Tables 4.8, 4.9, and 4.10. The TAR variable decreases 
as the SD and Mmin increases and this is expected as previous research has shown 
when either competition for resources increase or limited access to the stalls will 
decrease lying time (Fregonesi et al., 2007; Hill et al., 2009; Krawczel et al., 2012b; 
von Keyserlingk et al., 2012; Campbell et al., 2015; Campbell et al., 2017). A similar 




variable decreased although the Mmin had a larger effect than SD. This response is not 
surprising as several short-term studies reported no effect of overstocking on DMI 
(Batchelder, 2000; Collings et al., 2001; Krawczel et al., 2012b; Campbell et al., 2015; 
Wang et al., 2016; Campbell et al., 2017; Crossley et al., 2017), and as the cows are 
away from the pen for milking will limit their access to feed. Overall the sensitivity 
analysis showed the importance of both SD and Mmin effects on TAR and NRCi 
variables. The results were within expected range of responses and support the use of 
the time budget as the foundation of the model.   
4.5. APPLICATIONS 
 The management model was designed to use on-farm to help producers and 
consultants make informed decisions on management practices. In order to make this 
model accessible to the targeted audiences, there are two options for application. The 
first option for application would be incorporation into an existing nutritional model, 
such as CNCPS. This would be ideal as CNCPS has the capability to accurately 
calculate animal requirements and predict DMI associated with different feed 
characteristics (Van Amburgh et al., 2015). The management model could be a sub-
model of CNCPS and be readily accessible to consultants who work with the producers. 
However, not all consultants or producers have access to CNCPS, which would limit 
our ability to reach a large portion of the dairy industry.  
 A second application of the model would be a web-based application that 
could reach a wide range of producers and consultants. This web-based application 
would be accessible by a website address and have instructions for use. The main 




intake. Whether the management model is made available by a sub-model in CNCPS or 
as a web-based application, it is vital for it to be applied at the farm level and be readily 
accessible for producers and consultants.  
4.6. LIMITATIONS 
The management model has a lot of promise, but as with all mathematical 
models, there are limitations. There are three limitations that we will focus on 
specifically: 1) model validation, 2) parity adjustment, and 3) feed availability. 
Mathematical models have a normal progression of development, validation, and then 
revision (Tedeschi, 2006). We have developed the management model, but due to the 
limited published data on stocking density, we cannot validate the model presently. 
Because of limitations in data available to test the model, the results of this study could 
not prove or disprove our hypothesis that building a model with the effects of 
management decisions will improve the prediction of DMI. A database of either on-
farm data or published research is needed to validate the model.  
The next limitation is including a parity effect in the model. This would enable 
the user to define the parity of the pen as primiparous, multiparous, or mixed. 
Primiparous and multiparous cows behave differently and are affected in different ways 
when housed together. Crossley et al. (2018) reported that primiparous cows had lower 
DMI and eating rate compared to multiparous cows. Primiparous cows had a greater 
number of meals that were smaller compared to multiparous cows (Crossley et al., 
2018). This could be due to heifers having a smaller body size and frequently a lower 




were separated from older cows, the primiparous cows produced 729 kg more milk per 
lactation than when comingled with multiparous cows (Phelps, 1992).  
The competition between primiparous and multiparous cows when commingled 
has negative effects on heifers, most likely due to lower dominance hierarchy (Grant 
and Albright, 2001). Several research studies evaluated the effect of overstocking and 
parity on DMI and feeding behavior, and results have been variable (Konggaard and 
Krohn, 1978; Bach et al., 2006; Hill, 2006; Azizi et al., 2009). Further research is 
needed to evaluate the optimal grouping of cattle and the effects of overstocking on 
DMI and feeding behavior in commingled pens to be included in the model.  
The last limitation is including feed availability for a pen in the model. If cows 
either run out of feed or cannot access the feed, then it will have negative consequences 
on feed intake (Grant and Albright, 1995). When feed refusals are too low the cows 
could run out of feed for several hours, and several studies have investigated the effects 
of feed availability on DMI and performance. French et al. (2005) investigated the 
effect of refusal amount of 2.5% and 5.0% and found that DMI and FCM were not 
affected by the refusal amount. The cows fed the 2.5% refusal amount had shorter 
eating time and greater eating rate than cows fed the 5.0% refusal amount (French et 
al., 2005). This response demonstrates that cows can modify feeding behavior to 
compensate for a shorter amount of time with feed access. It is important to note that, 
for all of these studies, the feed access was consistent day-to-day. In theory, cows 
would not be able to compensate as easily if the daily feed access was variable, as 
could occur in on-farm feeding situations. Further research is needed to quantify the 





 This study's objective was to create a model that accurately quantifies the 
effects of stocking density and feeding frequency on behavior and performance of 
lactating dairy cattle. The foundation of the management model is the time budget with 
lying and eating being the most significant time allotments. The eating time was 
predicted using common on-farm measures (NDF content, peNDF, BW, and milk 
yield) and had a good predictive ability with a mean absolute error of 41 min/d. 
Stocking density affected lying time, which accounted for 76% of the variance in lying 
time. The adjusted lying time was then used to predict a milk yield, which accounted 
for 36% of the variance in milk yield. Intake was affected by peuNDF240 content of 
the diet as the peuNDF240 increased DMI decreased. The peuNDF240 accounted for 
60% of the variance in DMI. The management model appears to have potential to be a 
useful tool for producers and consultants, although more data and research are needed 
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Table 4.1. Description of studies used for the eating time prediction and intake prediction using physically effective undigested 
neutral detergent fiber at 240 h of in vitro fermentation. 
Study Cows Treatments Forage % of DM Forages 
Kononoff et al., 
2003 
High producing 
High forage diets with varying particle 
sizes of conventional corn silage 
57.4% Conventional corn silage 
Cotanch et al., 
2014 
High producing 
High and low forage diets with bm3 or 
conventional corn silage 
65 vs. 50% 
bm3 or conventional corn 
silage and haycrop silage 
Miller et al., 
2017 
High producing 
High forage diets with bm3 corn silage 
at varying amounts and coarse or fine 
straw 
42 vs. 60% 
bm3 corn silage and wheat 
straw 
Smith et al., 
2018 
High producing 
High forage and by-product diets with 
fine or coarse-chopped hay 
61 vs. 47% 
Conventional corn silage, 
timothy hay, and wheat straw 
Coon et al., 
2019 
High producing 
High forage diets with conventional, 
bm3 or Unified corn silage 
55.3% 
Conventional, bm3, Unified 
corn silage and haycrop silage 
Miller et al., 
2020 
High producing 
High forage diets with bm3 or 
conventional corn silage 
56.8% 
bm3 or conventional corn 


























Figure 4.6. Schematic of the physically effective undigested neutral detergent fiber at 


































Table 4.2. Description and units of the variables used in equations in the management 
model. 
Variable Unit Description 
# of cows in pen n Number of cows in pen 
# of headlocks n Number of headlocks for a pen 
aMilk kg 
Predicted milk using stocking density with an adjustment for 
feeding frequency 
BW kg Average body weight of cows in pen 
DMIpeuNDF240 kg 
Predicted dry matter intake using physically effective 
undigested neutral detergent fiber at 240-h 
Dbout n Number of drinking bouts per day 
Ddur min Average length of the drinking bouts 
Dmin min Product of drinking bouts and drinking duration 
ER kg/min Eating rate based on NRC cow intake and eating time 
ET min/d Predicted eating time 
FCM kg/d 4% fat corrected milk 
FF n Number of feedings per day 
HorFR 1 or 0 Whether the pen has headlocks or feed rail 
FMlength m Length of feed rail for a pen 
MSD % Stocking density of manger 
Milk kg/d Average milk production of a pen 
MF % Average milk fat content of a pen 
Mdur min Average length of milkings 
Mmin min/d Product of milking duration and milkings per day 
Mpd n Number of milkings per day 
NDF % of DM Neutral detergent fiber content of the diet 
NRCi kg/d NRC intake prediction 
peNDF % of DM Physically effective NDF content of the diet 
peuNDF240 % of DM Physically effective undigested NDF at 240 h content of diet 
Predicted 
peuNDF240 
% of DM 
Predicted physically effective undigested NDF at 240 h 
content of the diet 
Smin min/d Product of social bouts and social duration 
Sbout n Number of social bouts per day 
Sdur min Average length of social bouts 
SSD % Stall stocking density of a pen 
SD % Larger of the stall stocking and manger stocking density 
TAER min/d Time for eating and resting 
TAR min/d 
Resting time with feeding frequency and stocking density 
adjustment  
Tdur min/d Product of treatment minutes and treatments per day 
Tmin min Average length of treatments 
Tpd n Number of treatments per day 
Ustalls n Stalls cows can use in a pen 





Table 4.3. Equations used in the management model1. 
Variable Unit Description 
aMilk kg 0.04065 x TAR + 11.2444 
DMIpeuNDF240 kg 
IF THEN ELSE(peuNDF240 > predicted peuNDF240, (-
0.9798 x peuNDF240)+32.848, NRCi) 
ER kg/min NRCi / ET 
ET min/d 
IF THEN ELSE(FF = 1, (-70.3442 + (BW x -0.3241) + 
(Milk x 4.04145) + (NDF x 13.2501) + (peNDF x -
3.06001)), IF THEN ELSE(FF = 2, 1.035 x (70.3442 + 
(BW x -0.3241) + (Milk x 4.04145) + (NDF x 13.2501) + 
(peNDF x -3.06001)), IF THEN ELSE(FF > 3, 1.1 x (-
70.3442 + (BW x -0.3241) + (Milk x 4.04145) + (NDF x 
13.2501) + (peNDF x -3.06001)), 1))) 
FCM kg/d (0.4 x aMilk) + (15 x (aMilk x (MF / 100))) 
MSD % 
IF THEN ELSE(HorFR = 1, # of cows in pen / # of 
headlocks x 100, (FMlength / # of cows in pen) x -204.818 
+ 226.373) 
NRCi kg/d 





-((NRCi - 32.848) / (0.9798)) 
SSD % # of cows in pen / Ustalls x 100 
SD % MAX(MSD, SSD) 
TAER min/d 1440 - (Dmin + Mmin + Smin + Tmin) 
TAR min/d 
IF THEN ELSE(FF > 4, ((-0.00191 x  SD + 1.19199) x 
(TAER - ET)) x 0.88, ((-0.00191 x SD + 1.19199) x 
(TAER - ET))) 



















Table 4.4. Regression statistics for linear prediction equation for eating time 
for the management model.  





Eating time, min/d NDF1 content, % of DM 0.253 0.68 
 peNDF2 content, % of DM 0.046  
 Body weight, kg 0.009  
 Milk yield, kg/d 0.375  
1Neutral detergent fiber. 










Table 4.5. The summary statistics of 13 published studies with 50 treatments using 
lactating dairy cows for validation of eating time prediction.  
Item Mean SD Minimum Maximum 
DMI1, kg/d 24.9 2.6 20.5 31.1 
Milk yield, kg/d 37.2 6.4 26.2 46.4 
Eating time, min/d 228 28 173 318 
Rumination time, min/d 469 72 236 564 
Body weight, kg 668 47 567 753 
NDF2 content, % of DM 32.6 2.8 27.3 37.5 
peNDF3, % of DM 25.2 4.6 15.2 34.0 
1Dry matter intake.  
2Neutral detergent fiber. 



















Table 4.6. Mean absolute error (MAE) of eating time prediction equations from multiple 
linear regression on 13 published studies with 50 treatments.  
 MAE 












Table 4.7. The summary statistics of 9 published studies with 39 treatments for creation 
of relationship between lying time with stocking density and milk yield.  
Item Mean SD Minimum Maximum 
Stocking density, % 126 33 75 200 
DMI1, kg/d 22.2 5.1 12.2 26.6 
Milk yield, kg/d 40.3 6.5 25.2 49.2 
Eating time, min/d 244 46 146 330 
Lying time, min/d 697 103 382 832 
Rumination time, min/d 472 50 367 524 

















y = -0.00191x + 1.19199 















y = 0.04065x + 11.2444 




Figure 4.9. Relationship between physically effective undigested neutral detergent fiber 











y = -0.9798x + 32.848 




Table 4.8. Sensitivity of time available for rest variable (min/d) to a range of stocking 
densities and milking minutes.  
  Milking minutes, min/d 




100 - 109 823 804 784 764 745 725 
110 - 119 808 789 769 749 730 710 
120 - 129 792 773 754 735 716 696 
130 - 139 776 757 738 719 701 682 
140 - 150 760 742 724 704 686 669 
 
 
Table 4.9. Sensitivity of NRC 2001 cow intake variable (kg/d) to a range of stocking 
densities and milking minutes.  
  Milking minutes, min/d 




100 - 109 28.2 27.9 27.6 27.3 27.0 26.8 
110 - 119 27.9 27.7 27.4 27.1 26.8 26.6 
120 - 129 27.7 27.5 27.2 26.9 26.7 26.4 
130 - 139 27.5 27.2 27.0 26.7 26.4 26.2 






CHAPTER 5: PERSPECTIVES AND CONSIDERATIONS 
  This dissertation focused on two key components of intake regulation: forage 
quality (i.e., fiber digestibility and related characteristics) and cow comfort (i.e., 
management environment). Specifically, the relationship between the source of corn 
silage (brown midrib-3 or conventional) and trace mineral (hydroxy or sulfate) was 
investigated as the focus for forage quality. Next, a management model was built using 
a behavioral time budget as the foundation to accurately quantify the effects of stocking 
density and feeding frequency on dry matter intake (DMI). Corn silage with greater 
NDF digestibility and lower undigested NDF at 240 h (uNDF240) enhanced DMI, milk 
yield, and total tract digestibility (TTD) of DM and OM compared to conventional corn 
silage. It also allowed for faster turnover of indigestible NDF (iNDF) and greater 
passage rate of corn silage particles from the rumen. Hydroxy trace minerals improved 
DMI, tended to improve TTD of aNDF, and had much less significant effects on rumen 
fermentation, digesta turnover, and particle passage rates. The management model has 
potential to be a useful tool for producers and consultants, although more data and 
research is needed to validate the model. 
5.1. FORAGE SYSTEMS 
 Forages are one of the main components in dairy cow diets. The forage quality 
study used corn silage-based diets with a small inclusion of chopped wheat straw, 
which are typical in the Northeastern US and upper Midwest. Forage species, quality, 
and inclusion level in diets vary across the US depending on climate and availability of 




alfalfa. Legumes have different rumen dynamics than corn silage and grasses due to the 
characteristics of the fiber, such as a greater uNDF240 content (Raffrenato et al., 2019). 
The potentially digestible NDF (pdNDF) fraction of legumes has a greater digestion 
rate and faster ruminal passage rates compared to grasses (Kammes and Allen, 2012; 
Raffrenato et al., 2019). Since legumes do have differences in characteristics of fiber in 
comparison to corn silage and grasses, future work needs to investigate different dietary 
scenarios to understand rumen dynamics.  
 Trace minerals are generally not one of the factors thought to affect fiber 
digestion, but recent research would suggest that trace minerals should be considered. 
In this dissertation, we found that hydroxy trace minerals improved DMI and tended to 
improve the TTD of aNDF compared to sulfate trace minerals. As stated above, our diet 
was very typical for the Northeastern US and upper Midwest but needs to be applied to 
a broader range of diets and forages to understand the effects of source of trace mineral 
on fiber digestibility.  
 Mathematical models have been used in ruminant nutrition to calculate animal 
requirements and predict feed intake associated with different feed characteristics. 
Since forages are the foundation of most dairy cattle diets, it is important to quantify 
digestion and passage kinetics accurately. The digestion rate of fiber has been 
extensively studied for decades, and one of the critical developments by Waldo et al. 
(1972) was the development of a 2-pool model of fiber digestion. The 2-pool model 
divided fiber into potentially digestible NDF (pdNDF) and iNDF with both pools 




This development has been the basis for most of the nutritional models for modeling 
fiber digestion and has been successful so far.  
Waldo et al. (1972) commented that large and small particles most likely have 
different digestion and passage rates which has merit because the proportion of pdNDF 
to iNDF in a large particle entering the rumen is higher than a similar particle that has 
been digesting for hours. Based on this idea, a variable rate of digestion might better 
reflect rumen kinetics and is a very similar idea of the Michaelis-Menten equation, 
where reaction velocity is dependent on substrate concentration (Broderick and 
Clayton, 1992; Lopez et al., 2000). Chesson (1993) proposed a model where bacteria 
have a variable rate of digestion; as they start to digest the secondary wall of the plant 
digestion will be faster where there are fewer lignin linkages, but it will slow and stop 
when the surface of the particle is primarily lignin linkages.  
To apply a variable rate of digestion in a mechanistic mathematical model, it 
would need several compartments that the particle goes through. Based on the particle 
moving through several compartments, it is not a far stretch of the imagination to use a 
particle breakdown model. Particle breakdown models have been proposed for decades, 
but a working model has never been published (Mertens and Ely, 1979). This is due to 
the difficulty in collecting necessary measurements of passage rate of different particle 
sizes. The particle breakdown model will need a variable rate of digestion for each 
particle size pool but needs differentiation between a large particle that has been 
digested to a small size and a particle that enters the rumen at a small size. A model 




ratio of pdNDF to iNDF and apply the appropriate rate of digestion to each pool. An 
extensive amount of research is needed to build a model with a variable rate of 
digestion but should better reflect biology.  
Waldo et al. (1972) used lignin as the measure of iNDF, but based on the work of 
Raffrenato et al. (2018), a better measure of iNDF is uNDF240om. Since iNDF was 
more accurately quantified, it also means that pdNDF is too. Based on these extended 
in vitro fermentations, it was obvious that there were at least two pools of pdNDF 
(Raffrenato et al., 2019). Raffrenato et al. (2019) proposed a 3-pool model for fiber 
digestion that split the pdNDF into a fast- and slow-degrading pdNDF pools with 
respective rates of digestion. This 3-pool model is applying a variable rate of digestion, 
and it will be easier to incorporate into a model. The reason it will be easier to build the 
model is due to separating fiber into just two pdNDF pools to explain the variable rate 
of digestion without having to build the numerous pools, as stated in the last paragraph. 
A 3-pool model should better reflect the cow intake and performance, but more 
research is needed to build the model.  
5.2. MANAGEMENT DECISIONS 
The studies used to build the management model were based primarily on 
Holstein dairy cows housed in free-stall barns. However, a large portion of the dairy 
industry uses other breeds of dairy cows and different housing strategies. Jersey dairy 
cows are one of the other popular breeds used throughout the US, and open lots are the 
other major housing facilities for dairy cows. To ensure the management model can be 




Holstein cows have greater body weight (BW), DMI, and milk yield compared to 
Jersey cows (Aikman et al., 2008; Munksgaard et al., 2020). Also, Holsteins spent more 
time lying, less time eating and ruminating when expressed as minutes per kilogram of 
dry matter (DM), and had a faster eating rate compared to Jersey cows (Aikman et al., 
2008; Munksgaard et al., 2020). Since Jersey cows are smaller and have a slower eating 
rate, they could be at a disadvantage to compete for resources such as stalls and feed 
compared to Holstein cows. Future research is needed to understand the pen dynamics 
when Jersey and Holsteins are comingled and overstocked.  
Dairy cows housed in free-stall facilities have been the focus of the majority of 
the cow welfare research. However, a large portion of the dairy cows are housed in 
open lots, robot barns, and pastured. Since there are no stalls in an open lot, the 
overstocking is defined as square feet of the pen per cow, and the manger stocking 
density is defined as meters per cow, which is the same as pens that have feed rails. 
Shade availability and pen compaction are also important welfare concerns to be added 
to the model. In robot facilities, the cows go to the robot to get milked and have 
relatively little human contact compared to conventional facilities. Overstocking can 
still be an issue in robot facilities, especially if competition for the robot occurs. Cows 
on pasture are usually not overstocked, but access to shade and having adequate time to 
graze are important issues. Unfortunately, little research has focused on these 
management decisions on cow performance and behavior, and future research is 
needed.  




A better understanding of the previously discussed variables will aid in our 
understanding of factors that affect feed intake. With the findings in the present 
dissertation, it appears improved forage quality in corn silage allows for enhanced dry 
matter intake, milk yield, total tract digestibility of DM and OM, and allowed for faster 
turnover and passage rate of fiber. Source of trace mineral is important as hydroxy trace 
minerals improved DMI and fiber digestibility. Overstocking and feed frequency affect 
dairy cow performance and behavior, and these are integrated into the management 
model. Future research should focus on the effects of improved forage quality and trace 
minerals in a variety of diets and forages and the effects of management decisions on 
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